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The soliton wave model of action potentials, and the proposal of induced lipid pores, are
potentially paradigm shifting ideas which challenge accepted views of the Hodgkin-Huxley
model and of protein-based ion channels.  These two proposals are reviewed, and possible tests
of each are presented.  Also, three key non-electrical features seen during action potentials are
reviewed;  a shift in birefringence, the pattern of heat emission and absorption, and the expansion
of cell diameter.  How the soliton wave model uses the lipid phase transition to account for each
of these three phenomena is contrasted with alternatives which might be consistent with the
Hodgkin-Huxley model of action potentials.  It is suggested that changes in membrane potential
during the action potential might have a significant effect on membrane proteins and contribute
to the production of each of these phenomena.  A key assumption of the soliton wave model is
that lipid phase transitions are common and adaptive in life.  However a review of the literature
suggests that often lipid phase transitions are damaging to cells, and so are often avoided.  There
is a need for clearer evidence as to whether or not neurons actually do have liquid crystalline to
gel lipid phase transitions happening in them during action potentials, as the soliton model
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1.  Introduction.
Over the past two decades there have been suggestions that the Hodgkin-Huxley model
[Hodgkin et al., 1952a;  Huxley, 2002] of the electrical features of action potentials should be
replaced with other models because it does not take into account several reported phenomena
associated with action potentials:  Specifically, the birefringence change in the membrane, the
heat emission and reabsorption, and the change in diameter of the cell.  As part of this challenge,
one alternative model has adopted a rather new perspective, one which puts more stress on the
traits of the membrane lipids rather than on the membrane proteins.  For an overview of some
aspects of this proposal see the following:  Andersen et al., [2009], Appali et al., [2012],
Heimburg et al., [2005], Heimburg, [2007, 2009], and Lautrup et al., [2011].  These workers
have also suggested that lipid pores might account for many of the ionic currents currently
associated with protein-based ion channels [Blicher et al., 2013;  Heimburg, 2018].  Both of
these proposals are interesting, creative, and potentially paradigm shifting.  But in order for these
proposals to gain broad acceptance, then clearly there is a need to test these proposals, in living
cells. 
Therefore, the main purpose of this review is to place these proposals into a context of the
existing biological literature, identify some of the interesting assumptions and predictions of
these proposals, and also to suggest some ways in which specific aspects of these new proposals
might be tested.  Also, there will be a consideration of the three non-electric phenomena
associated with action potentials.  Alternative explanations for these phenomena, largely
dependent on features of the membrane proteins and perhaps consistent with the Hodgkin-
Huxley model, will be raised.  Then an essential assumption of the soliton wave model for action
potentials, that lipid phase transitions are common and adaptive, will be examined.  Whether
these proposals achieve broad acceptance, or not, in the biological community will largely
depend on the results of a broad variety of additional tests and observations.  
2.  Lipid pores suggested to be induced by proteins and very common.
Some studies of artificial phospholipid bilayers, and their transition from a liquid-
crystalline phase to a gel phase, have noted that lipid pores often appear during such phase
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transitions.  Such pores are noted to open and close on time scales similar to that seen for some
ion channels [Appali et al., 2012;  Blihert et al., 2013;  Gallaher et al., 2010;  Gutsmann et al.,
2015;  Heimburg, 2010, 2018;  Laub et al., 2012;  Mosgaard et al., 2013a, 2013b, 2015; 
Wodzinska et al., 2009;  Wunderlich et al., 2009].  These findings are not novel as the formation
of pores, and so a rise in conductance, during lipid bilayer phase transitions has been known for
decades [Antonov et al., 1980;  Chakrabarti et al., 1992;  Deamer et al., 1986;  Feigin et al.,
1995;  Nagle et al., 1978;  Papahadjpoulos et al., 1973;  Wu et al., 1973].  Various influences,
other than a phase transition, have also long been known to induce pores in lipid membranes;
including electrical fields leading to electroporation [Meissner, 1998;  Velikonja et al., 2016; 
Wegner, 2013], or the presence of certain peptides [Almeida et al., 2016;  Bernheimer et al.,
1986;  García-Sáez et al., 2007].  Thus lipid pores can indeed form in lipid bilayers, and in
biological membranes.  
The suggestion has also been made that since pores and channels can show similar
conductances under voltage clamp conditions, it may be impossible to tell these two apart
[Gutsmann et al., 2015].  This point is well taken, as any ion channel reconstituted into an
artificial lipid bilayer, which is then taken into a phase transition state, might well show ion
conductances higher than would be expected from just the channel alone.  This higher
conductance would likely be due to the phase transition-induced lipid pores and their addition to
the observed conductance.  Such a situation might account for the rise in conductance reported in
a study of a K  ion channel reconstituted into artificial lipid bilayers when the bilayer was in the+
state of phase transition [Seeger et al., 2010].  Thus, in such cases, it might be incorrect to
attribute all the conductance just to the channel itself.  However, there are a number of ways to
tell whether the conductance seen is through a lipid pore versus through a protein-based ion
channel.  One is that since the pores will most likely form during phase transition of the lipid
bilayer, then placing the bilayer under conditions where the phase transition is unlikely to happen
should reduce the current observed due to lipid pores.  But any ion channel-based conductance
would be expected to occur even in the absence of a lipid phase transition, and such an
observation might suggest that lipid pores are not accounting for the conductance seen in such a
situation.  Also the pores formed during lipid phase transition may not show the same ion
selectivity as is often associated with many ion channels [Hille, 1984].  Thus the similarity
between lipid pores and channels is an interesting superficial feature, but it can be worked around
in experimental studies by these and a number of other ways.
One new proposal is the suggestion that the proteins which comprise ion channels might
themselves induce the formation of lipid pores in the membrane [Heimburg, 2010;  Gutsmann et
al., 2015;  Mosgaard et al., 2013b].  This is not so far-fetched a suggestion as it may at first
seem.  There are various antibacterial peptides which are known to induce the formation of non-
selective protein-lipid hybrid pores [Ros et al., 2015;  Tournois et al., 1991].  It is also known
that some membrane proteins have conserved lipid-binding domains [Barrantes, 2015].  Thus
there is nothing new in the suggestion that proteins might induce pore formation.  However, the
advocates for this proposal argue that when, for instance, a sodium ion channel is reconstituted
into a phospholipid bilayer the current observed would be passed through a sodium ion specific
lipid pore which this protein induces in the lipid phase, rather than through the center of the
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protein itself.  This view implies that the ionic currents are passed through lipid pores, whose
formation may be regulated to some extent by the proteins we currently regard as ion channels. 
Thus any inhibitor of the ion channel's current is argued to act via binding to the protein, altering
its conformation, and so changing its ability to induce a lipid pore [Heimburg, 2010, 2018].  This
view would argue that the specific ionic conductances of different channel types would, then, be
due to the induction of lipid pores with distinct ionic selectivity.  For instance, reconstitute the
protein of a K  channel into a phospholipid bilayer, and that protein would organize the lipids in+
such a way that the resulting lipid pore would be ion selective and pass mainly K .+
This is obviously a paradigm-altering proposal, and there are ways in which it might be
tested.  For instance, there is one critical difference between the present ion channel view, and
this new induced pore concept:  In the channel view the central passage through the channel
protein passes the ions, determines the ion selectivity, and so alteration of the amino acid
residues along that passage deep within the protein should greatly alter the ion conductance or
selectivity.  In the lipid pore view, in order to organize the lipids into a lipid pore the surface
residues of the protein must interact with the lipids, and so changes to those surface residues
would be expected to alter the ion conductance.  Thus a test of this proposal of induced lipid
pores is implied.  First, take a well characterized ion channel's gene [Aziz et al., 2002;  Huynh et
al., 1997;  Shen et al., 2017a] which can be altered in such a way that mutant versions of proteins
are made;  ideally where each mutant has just one residue changed along the lining of its central
channel.  One could do various control studies to confirm that the changes made alter only the
internal structure and not the external shape of the protein, and so select specific mutations that
fit this criterion.  For instance, it might be worth confirming that this alteration to the protein's
interior does not affect its influences on properties of the surrounding lipids, such as their fluidity
or phase transition tendencies.  Then, under the current protein channel view, this altered protein
should not show its normal ion conductance when reconstituted into a bilayer.  But according to
the new proposed induced lipid pore view this internal change should not greatly alter the
protein's ability to interact at its surface with lipids, and so a lipid pore should still be induced
and ion current still observed.  Thus this proposal is testable, and those who advocate for this
view of protein induction of ion specific lipid pores should consider testing their hypothesis.  In
order to displace the current view that protein-based ion channels are a major conduit for ion
currents, and replace it with this induced lipid pore model, there will need for this and many
other tests to be done.  But if the results from the above proposed test supports this new proposal,
that would be one step in that direct.  Until such evidence is produced, the current model that ion
currents are passed mainly through protein-based ion channels will continue to dominate, rightly
so based on the known evidence for it [Hille, 1984].
3.  The Soliton Wave model for the propagation of action potentials. 
A second area in which some radical new thinking is brought forward is the proposal that
an action potential is not as the Hodgkin-Huxley model [Hodgkin et al., 1952a] describes. 
Instead a soliton wave, involving the passage of a membrane lipid phase transition down the
axon of neurons, is suggested to be the basis for the phenomenon we call an action potential
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[Heimburg, 2005].  (For some background on solitons, and some applications suggested by
others, see the works of Kippenberg et al., [2018], Lomdahl [1984], Lomdahl et al., [1984] and
of Layne [1984].)  The change in state of the lipid phase of the membrane with the passage of
this solition wave would, it is argued, alter the local thickness of the membrane, and the local
surface charge density.  This is suggested to induce a change in the net transmembrane potential
in a pattern similar to that of an action potential [Heimburg et al., 2005, 2006;  Lautrup et al.,
2011].  One interesting aspect of this model is that it does not require the involvement of any ion
channels at all, as it claims that no transmembrane current flow needs to occur.  Thus, no specific
ion channel activities would be needed during an action potential based on this soliton wave
model [Appali et al., 2012;  Gonzalez-Perez et al., 2014;  Heimburg, 2010;  Vargas et al., 2011]. 
Thus the soliton wave model for the action potential is a remarkable proposal in many ways, and
highly distinctive from the Hodgkin-Huxley view of this phenomenon (Table 1). 
Table 1.  A comparison of some features of the action potential as envisioned by the Hodgkin-
Huxley model versus that envisioned by the soliton wave model .  1
According to the
Hodgkin-Huxley model.
According to the
Soliton wave model.
Involves ion channels? Yes No
Result of action potential
collision?
Annihilation Passage unaltered
Uses lipid phase transition? No Yes
Requires transmembrane ion
currents?
Yes No
Accounts for birefringence
shift, heat emission and
absorption, and cell swelling?
No Yes
    For fuller details about these and additional comparisons see Appali et al. [2012].  1
 
Another interesting prediction which the soliton model makes is that two colliding action
potentials in a cell should not block each other's passage.  Instead the two oppositely moving
action potentials are predicted to pass through each other and continue on [Appali et al., 2012; 
Gonzalez-Perez et al., 2016;  Lautrup et al., 2011;  Vargas et al., 2011].  This is rather different
from the current view of action potential collision in which annihilation of each of the action
potentials would occur (Table 1).  Such annihilation is attributed to the trailing refractory period
after each action potential which would block the passage of the oppositely moving action
potential for a time.  Such annihilation of action potentials has long been used to test for whether
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a single neuron was being monitored [Iggo, 1958].  In contrast, concerning action potential
annihilation the advocates of the soliton wave model claim that "... compelling evidence for this
is not easily found in the literature" [Lautrap et al., 2011], even though, as has been noted [Berg
et al., 2017], there are many articles which use action potential annihilation as a means to
confirm the recording of a single neuron which may extend to distant locations in the central
nervous system [Ferraina et al., 2002;  Kelly et al., 2001;  Movshon et al., 1996], and so identify
neuronal connections.  However, several studies done by the advocates of the soliton wave
model, present data they suggest illustrate the passage of action potentials past each other,
without annihilation, which would be consistent with their soliton wave model [Gonzalez-Perez
et al., 2014;  Gonzalez-Perez et al., 2016;  Wang et al., 2017].  However, one criticism of this
work is that, in some cases rather than using a single neuron, there was use of a nerve fiber made
up of many neurons.  In such a situation there may be some doubt as to whether the two
oppositely moving action potentials observed to pass each other were in the same neuron, or
instead were in different neurons and so never had a chance to annihilate.  In one of their studies
of action potential passage, the advocates of the soliton wave model do state:  "In less than 15%
of the preparations, we found annihilation of the pulses"  [Gonzalez-Perez et al. 2014; pg. 9]. 
This might be accounted for, if the electrical stimulations given to induce the action potentials
affected only one of five or six neurons in the nerve bundle, as then there would only be about a
20% or less chance of a neuron being stimulated at the other end of the same nerve bundle.  In
such a case, over 80% of the time the induced action potentials would be expected to be in
different neurons, and so pass each other by without interaction.  This possibility was pointed out
in a published comment, which suggested several technical aspects which might improve this
test, and noted that action potential annihilation has been reported for many decades [Berg et al.,
2017].  In response, the advocates of the soliton model made several comments, including that
the suggested use of a higher stimulating voltage, so that all the neurons in the nerve bundle
would fire action potentials, would perhaps damage the cells and so block action potential
passage by artifact, and they also suggest that the numerous reports of action potential
annihilation in the literature may need to be reevaluated [Wang et al., 2017].  It might be worth
noting that in addition to action potential collision and annihilation within one axon, there has
also been use of what are called 'asymmetric' collisions in which one action potential reaches a
strong synapse which induces an action potential in a post-synaptic neuron.  This new action
potential in this next neuron in the circuit then goes on to collide and undergo annihilation with
an induced action potential traveling in the reverse direction in that second neuron.  In this way
the location of synapses can be mapped [Yeomans, 1995].  Such a system might also be a way to
avoid some of problems suggested to be associated with electrical stimulus-induced damage?  Be
that as it may, the suggestion to test the soliton model by examining its prediction of action
potential passage through each other on collision is a good one, but obviously tests of it need to
be repeated in a clear single-neuron system where complications can be avoided.  Ideally, a single
neuron, well isolated and stimulated using intracellular electrodes, also perhaps under whole cell
patch clamp, would allow the induction of action potentials using stimuli closer to those seen
normally in vivo.  Recently, a test of action potential collision was done involving induced action
potentials in the giant internode cells of Chara sp.  In this study action potential annihilation was
6
Meissner:  Proposed tests of the soliton wave model of action potentials.
observed to occur in all cases [Fillafer et al., 2017], though is should be noted that this cell was
not a neuron.  However, so far, the balance of the data on action potential annihilation versus
passage seems to favor the established Hodgkin-Huxley model, and to argue against the soliton
wave model.  More testing would always be welcome.
Another difference between the soliton wave model and the Hodgkin-Huxley model of
action potentials is that the former makes the prediction that no transmembrane currents (Table
1) are needed in the generation or propagation of an action potential [Appali et al., 2012; 
Gonzalez-Perez et al., 2016;  Heimburg et al., 2006;  Mosgaard et al., 2013b;  Vargas et al.,
2011].  This would seem to imply another rather simple test of this soliton model.  An action
potential generated according to the Hodgkin-Huxley mechanism would require the presence of
at least one type of voltage sensitive sodium ion channel in the axon of the neuron.  There are
several subtypes of such channels which have been identified, as well as some inactive mutant
versions [Pau et al., 2017;  Penzotti et al., 1998;  Shen et al., 2017a].  Obviously, an action
potential in the Hodgkin-Huxley mode would not be expected to be generated if certain voltage
gated sodium ion channel activities were blocked in a neuron.  However, if, as suggested by the
soliton model, such ion channel activity is not needed, then even in its absence action potentials
should be observed.  To completely remove such ion channel activity one might wish to alter
neuronal development.  Therefore, if a neuronal stem cell in culture had its genes for voltage
sensitive sodium ion channels altered so that they were either not expressed at all, or so that they
coded for a mutated version of this protein which either lacked its voltage sensitivity or had its
internal ion conducting region blocked, then the needed channel activity would be removed.  This
might allow for a discriminatory test between these two models once the cell matured.  If no
action potentials are observed in such an altered neuron, then the Hodgkin-Huxley model would
be supported.  But if action potentials were generated even in the absence of this ion channel
activity, that would be strong evidence in favor of the soliton wave model.  It should be noted
that such a test could be set up to leave a non-conductive version of this ion channel still in the
membrane, so any interactions it might have with the membrane lipids which might relate to the
formation of the soliton wave would presumably still be present.  Such an explicit test seems not
to have been done, yet, by the advocates of the soliton wave model, but should be considered. 
One close approximation of this test, however, is a study which examined the expression of the
voltage sensitive sodium ion channel's gene during the differentiation of neurons grown in
culture.  That study found that in the absence of expression of the gene for this channel, no action
potentials were observed, but with increases in expression of this ion channel's gene the cell did
develop to a point where action potentials could be observed to be generated in the cell [Liu et
al., 2012].  This would seem to support the Hodgkin-Huxley model, and challenge the soliton
wave model.  Therefore, those who would wish to find support for the soliton wave model might
wish to consider doing an explicit test of their model, focusing on whether the expression of this
sodium ion channel's gene, or other ion channel gene expressions, are truly needed for action
potential generation by a cell or not.  
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4.  Considering the non-electrical phenomena associated with action potentials.
One argument which the advocates of the soliton model make is that the Hodgkin-Huxley
model is unable to account for several phenomena (Table 1) reported to be associated with action
potentials;  namely the observed changes in birefringence, the pattern of heat emission and
reabsorption, and the minor cellular swelling [Appali et al., 2012;  Heimburg et al., 2005, 2006]. 
The soliton model approaches this issue from the perspective of how properties of the lipids in
the biological membrane, especially a liquid crystalline to gel phase transition in the lipid phase
of the membrane, might account for these three phenomena.  They make the argument that
because the Hodgkin-Huxley model does not account for these phenomena it is some manner
incomplete, and so suggest that it needs to be replaced [Andersen et al., 2009;  Gonzalez-Perez et
al. 2016; Heimburg et al., 2006].  
This gets to the question of what makes a scientific model a good and useful model. 
Clearly the original Hodgkin-Huxley model did not cover these phenomena of birefringence, heat
patterns, and cell swelling, though the authors were aware of some features their model did not
cover [Hodgkin et al., 1952a].  Rather than attempt to create a 'model of everything' they choose
to focus on the electrical elements associated with the action potential as a beginning.  This is a
typical approach in science;  first an initial model is created which accounts for a selected set of
observations, and then, if it is a 'useful' model, new additions can be made to it.  Meunier et al.
[2002] describes some additions which have been made to the original Hodgkin-Huxley model,
and suggests that it has indeed been useful over time.  Thus, being 'incomplete' is no reason to
reject a model, unless the model is found to be in clear contradiction with solid observations. 
Indeed, the original model of genetics put forward by Mendel, and the concept of evolution
proposed by Darwin, and even the elements of physics presented by Newton can each be argued
to have been 'incomplete' in some ways.  But even though 'incomplete' these models have served
us well as organizing templates from which more expanded models have been devised in
response to the demands of newly observed phenomena.  From this perspective, few scientific
models can truly be considered to be 'complete' in that they seldom account for all associated
phenomena.  
In point of fact, it could be argued that another example of an 'incomplete' model is the
soliton wave model for action potentials itself.  Its proponents have chosen to focus on only
certain features associated with the action potential, but not all of them.  As its own proponents
note, it does not, yet, account for any transmembrane ion currents [Andersen et al., 2009], yet
there are specific ion currents which are well documented [Fleidervish et al., 2010;  Hodgkin et
al., 1952b, Hodgkin et al., 1955] to occur during an action potential.  Nor does the soliton wave
model account for the phenomenon of saltatory conduction which has been shown to occur
during some action potential propagations [Hodgkin, 1937].  Nor does it account for how action
potentials are able to be observed across a wide range of temperatures in some invertebrates
[Hyun et al., 2012].  Neither does it account for why action potentials could be observed by
Howarth et al. [1968] in a rabbit vagus nerve held at 5 C;  a temperature so far below what isB
normal for a rabbit's body temperature that one would assume a soliton wave process set up to
use a lipid phase transition at normal body temperatures would become rather unlikely?  Those
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are just a few of the features of action potentials which are not yet accounted for by the soliton
wave model.  However, this lack on the part of the soliton wave model is no more a reason to
reject it, than are the limitations of the original Hodgkin-Huxley model a reason for rejecting that
model either.  Rather what needs to be considered is whether each model can be modified,
expanded, altered, or otherwise adapted, and so shown to be consistent with phenomena which
fall outside of their original borders.  That would show their 'usefulness.'
Therefore, in this next section, each of these three phenomena associated with action
potentials (birefringence changes, heat, and cell swelling) will be considered.  The good people
who advocate for the soliton model make arguments that these phenomena can be accounted for
by a lipid phase transition [Heimburg, 2005].  But since biological membranes have a significant
protein content, whether these phenomena might also be accounted for through changes in the
proteins will be considered.  In doing this some possibilities will be raised which, if verified,
might operate in a manner largely consistent with the Hodgkin-Huxley model.  It is hoped that
this will give the proponents of the soliton model a set of alternate hypotheses to consider,
rejection of which they might wish to demonstrate as one means of gaining some support for
their argument that lipid phase transitions are involved.  In contrast, advocates of the Hodgkin-
Huxley model might also consider these hypotheses as possible means to account for these
phenomena in a manner consistent with the Hodgkin-Huxley model.  Thus the purpose here is to
suggest hypotheses which others might wish to consider for further investigation. 
4a.  Birefringence changes during an action potential.
There have been reports that with the presence of an action potential there is a
birefringence shift in, or near, the membrane of the cell [Cohen et al., 1970;  Tasaki et al., 1968; 
Tasaki, 1999a].  Any shifts in the molecular ordering of the membrane lipids during an action
potential might contribute to shifts in the birefringence seen during an action potential.  It is well
known that phospholipid bilayers, under certain conditions, can show a rise in birefringence due
to the ordering of molecular orientations in the gel phase when transitioning from the liquid
crystalline phase [Mishima et al.,  1996].  Thus the soliton model assumes that there is a liquid
crystalline to gel phase transition happening during an action potential, with the gel phase having
a much higher ordering of the membrane lipids [Appali et al., 2012;  Heimburg et al., 2005] and
this implies that a transient increase in birefringence during the action potential might be
expected.  
In contrast, some reports note that the birefringence shift seen during an action potential
is often tightly associated with changes in the membrane potential which occur during the action
potential [Cohen et al., 1969;  Cohen et al., 1974;  Foust et al., 2007;  Landowne et al., 1983],
and that there may be involvement of conformational shifts in the membrane's macromolecules
[Kobatake et al., 1971].  One study [Cohen et al., 1971], after confirming the birefringence shift
seen during an action potential, found that a 50 mV hyperpolarization from the neuron's resting
potential could induce a birefringence shift without initiating an action potential, suggesting that
this birefringence shift may be related to the membrane potential changes alone.  There have also
been attempts to relate protein structure to the birefringence of the macromolecule so that shifts
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induced via applied electrical fields (i.e. electric birefringence) can be estimated [Pantic-Tanner
et al., 1999].  Taken together, these reports seem to suggest that it is the electric field change
which may be able to induce a birefringence shift, even without either an action potential or a
lipid phase transition being present in the membrane.  
Table 2.  Non-electrical features associated with an action potential.  Possible ways to account
for each in a manner consistent with the Hodgkin-Huxley model, compared to how the soliton
wave model accounts for each phenomenon.  
Possible means consistent
with the
Hodgkin-Huxley model.
According to the
Soliton wave model.
Change in birefringence: Ordering of proteins via the
Kerr effect.
Altered lipid order with phase
transition.
Heat emission followed by
heat absorption:
Capacitative charging and
discharging,
membrane protein
conformational changes,
and possible changes in
protein hydration state.
Capacitative charging and
discharging, 
and heat change with lipid
liquid-crystalline to gel phase
transition.
Transient cell swelling: Osmotic effects.
Changes in protein
conformation and hydration,
or membrane flexing, with
shifts in membrane potential.
Change in bilayer thickness
with phase transition.
Based on this close correlation of the birefringence change with changes in the membrane
potential it has been suggested that the Kerr effect might be involved [Beams et al., 1927;  Cohen
et al., 1969;  Cohen et al., 1971;  Foust et al.,  2007].  The Kerr effect [Weinberger, 2008] is
where dipole molecules, especially macromolecules, which are able to flex or shift position, will
do so in response to a sudden shift in an imposed electric field.  The shifting by the various
macromolecules are thus aligned by the electric field, and the net result can be an increase in
organization of the macromolecules, producing an electric birefringence [Kooijman et al., 1997; 
Krause et al., 1980].  Thus in the case of the cell membrane of neurons, the macromolecules
most likely to be involved might be the various plasma membrane proteins.  Obviously,
membrane proteins have been reported to shift their structure in response to changes in the
membrane potential, as seen by voltage sensitive gating domains of many membrane proteins
[Aziz et al., 2002;  Cha et al., 1997;  Shen et al., 2017a;  Whicher et al., 2016].  Thus the
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changing of membrane protein structure with changes in membrane potential during an action
potential is perhaps to be expected, and the birefringence shifts seen would then reflect such
altered protein conformational states.  
Thus to account for the shift in birefringence seen during an action potential, in a manner
consistent with the Hodgkin-Huxley model, the hypothesis might be that the membrane proteins
are aligned, through the Kerr effect, in response to the membrane potential shifts which occur
during the action potential (Table 2).  Such a hypothesis is testable in various ways, including the
comparison of birefringence changes of artificial lipid membranes, with and without membrane
proteins reconstituted into them, upon exposure to imposed membrane potentials in such a way
that no lipid phase transition occurs.  
4b.  The pattern of heat emission and reabsorption during an action potential.
Another phenomenon associated with action potentials involves the heat changes which
occur.  There are, generally, two ways to estimate the heat released with an action potential.  The
first, which uses the Hodgkin-Huxley model as a starting point, is to calculate what the net heat
release should be based on the sum of the expected ion flows associated with an action potential. 
This has been done by Margineanu et al. [1977] producing an estimated net heat of 49 nJ/cm  of2
membrane per action potential, while another estimate [Yi et al., 2016] suggests values from
160-350 nJ/cm .  Obviously, the values might be expected to vary based on cell types and cell2
morphology.  As a possible upper estimate, one study [Pissadaki et al., 2013] considered a highly
branching human SNC neuron, which had a total axon length of 4.14 m, and suggests that the net
energy released would be roughly equivalent to the hydrolysis of 9.36 X 10  ATP molecules per10
action potential fired in this cell.  The second way to estimate the heat shifts associated with an
action potential is to measure it directly.  
Two studies [Abbott, 1960;  Howarth et al., 1968] both estimated the net heat from a
single action potential to be roughly one ìcal/g of axon.  The rather surprising thing about the
direct measurements of the heat changes associated with an action potential, however, is that
there was first an emission of heat, followed by an absorption of heat [Abbott, 1960;  Howarth et
al., 1968].  Generally, the heat emitted seems to be slightly greater than that absorbed.  For
instance, Howarth et al. [1968] reports the the emitted heat is in the range of 7.2 ìcal/g, while the
heat absorbed is roughly 4.9 ìcal/g.  It was noted by Tasaki [1999a] that from 50-80% of the
emitted heat was eventually reabsorbed, leaving a net heat emission per action potential firing. 
Obviously, calculations of net heat production based on theory alone could not predict this
pattern of emission and absorption, and this illustrates that there is a need for close observation
of phenomena in living material rather than depending merely on theoretical expectations.
The soliton wave model of the action potential attributes this pattern of heat to a liquid
crystalline to gel phase transition, and its reversal, by the lipids in the axon membrane.  Studies
done on various phospholipid bilayer model systems show heats of lipid "freezing" and "melting" 
during such phase transitions [Andersen et al., 2009;  Heimburg et al., 2005;  Heimburg, 2012; 
Koynova et al., 2013;  Mosgaard et al., 2013a].  The energy change with this phase transition is
reported to be in the range of 20-40 kJ/mol, depending on the phospholipid system used
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[Andersen et al., 2009;  Koynova et al., 2013;  Heimburg et al., 2005;  Heimburg, 2012].  When
such a phase change occurs, it would be likely to alter the width of the membrane, and so it is
argued that with a lipid phase change there might also be a change in the membrane capacitance
[Andersen et al., 2009].  Estimates of heat from changes in membrane capacitance-induced shifts
in capacitative charging and discharging have been made [Abbott, 1960;  Howarth et al., 1975; 
Margineanu et al., 1977], making this also a reversible process occurring during the passage of
an action potential.  Thus the heat emitted by an action potential would be largely reabsorbed
with its passage, and the advocates of the soliton wave model therefore suggest that action
potentials may occur without any net heat release - as an adiabatic process [Andersen et al.,
2009;  Appali et al., 2011;  Gonzalez-Perez et al., 2016;  Heimburg et al., 2006;  Heimburg
2009;  Mosgaard et al., 2013a;  Vargas et al., 2011].  In this way the soliton model is said to
account for this pattern of heat emission and reabsorption, and does so, they claim, in a manner
which the Hodgkin-Huxley model cannot account for [Andersen et al., 2009;  Appali et al.,
2012;  Heimburg et al., 2006;  Gonzalez-Perez et al., 2016], and this is one of the reasons, they
argue, that the soliton wave model should be considered.
The question of whether or not the Hodgkin-Huxley model could account for the heat
emission and reabsorption seen during an action potential has been considered by several studies. 
All of them conclude that the flow of ions down their electrochemical gradient during the action
potential does give off heat, but that this dissipative heat is not enough to account for the large
initial heat emission reported at the start of the action potential [Abbott, 1960;  Andersen et al.,
2009;  Howarth et al., 1968;  Howarth et al., 1975;  Margineanu et al., 1977].  So in addition to
the heat from ion flows, and any small contribution of heat changes from capacitative charging
and discharging, it has been suggested [Margineanu et al., 1977] that reversible processes
involving the membrane proteins might be a good candidate to examine as a source of both heat
emission and reabsorption.  This could involve protein unfolding which would be reversible, and
induced by the shifting membrane potential associated with the action potential.  
It has long been known that electric fields can induce conformational shifts in intrinsic
membrane proteins.  For instance, Stevens [1978] estimated that a 100 mV potential change
across a 10 nm wide membrane might induce enough pull on an electric charge in a protein to
shift it by 2.5 nm.  In their calculations Margineanu et al. [1977] assumed a reversible heat of
unfolding in the range of 10 kcal/mole of protein to be involved.  It might be that the domains of
the proteins which extend out of the membrane might be particularly sensitive to unfolding, as
there is a report that extramembrane domains may experience enthalpy changes of up to 74
kcal/mol of protein with changes in folding [Powl et al., 2012].  A study of the unfolding of
bacteriorhodopsin [Curnow et al., 2007] suggests that the unfolding of each of the membrane
spanning helical regions might have an enthalpy change of 20 kcal/mol.  Sanders et al. [2018]
suggests that a range of free energy of the partial unfolding of the á-helical sections of a
membrane protein might range from 3-95 kcal/mole.  For globular soluble proteins, estimates of
the energy of unfolding are also in a similar range [Bakk et al., 2001;  Saini et al., 2010].  A
study of the conformational changes of the MsbA transport protein going through its transport
cycle found that energy changes of hundreds of kcal/mole were evident [Moradi et al., 2013],
which certainly suggests that there may be a significant amount of energy shift involved in
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protein conformational changes.  In addition, if when a protein takes on a new configuration it
alters the extent to which it interacts with water, then there might also be contributions from
shifts in the state of hydration of the protein regions.  Some recent estimates of the solvation free
energies of individual amino acids suggests that having proper values for such hydration energies
may greatly influence the resulting estimates of folding of proteins upon hydration [König et al.,
2013]. 
Given the above reports of energy changes with shifts in protein conformation, an
argument for how the pattern of heat emission and then absorption might be accounted for in a
manner consistent with the Hodgkin-Huxley model might go roughly as follows:  With the
reversal in membrane electrical polarity associated with the action potential, any membrane
protein with a high dipole state, and some flexibility, would likely have its conformation shifted. 
This shifting of the protein charges would include capacitative charge shifts, and by moving to a
new lower energy state might result in a release of heat.  With the passage of the action potential
these membrane proteins would shift back to the original conformation under the resting
potential of the membrane, perhaps absorbing energy in the process.  There might be water
molecules exchanged onto, and then off of, the reconfigured proteins during this process as well.
And, of course, heat may be emitted by the flow of ions down their electrochemical gradient,
though this would only be seen as heat emission.  Obviously, this argument is currently mainly
conjecture, and is in need of further study.  But if the emitted heat is due to shifts in protein
conformation and/or protein hydration, which in turn are related to changes in the membrane
potential, then anything which changes the membrane potential might influence the extent of heat
emission.  This is indeed what was observed in one study when the external concentration of
sodium ions was lowered, which would be expected to lower the voltage swing of the action
potential generated by the neuron, and was noted to result in lower levels of heat emission
[Howarth et al., 1968].  
Thus it may be possible that the pattern of heat emission and reabsorption reported to be
associated with the action potential might be fully consistent with the Hodgkin-Huxley model
(Table 2).  If this is confirmed, then it might be a small and appropriate step to expand that model
to include this phenomenon within its framework.  Clearly, the advocates of the soliton wave
model need to not only show that their model accounts for the observations well, but that it also
does so better than reasonable alternatives.  The above suggestion is one such alternative, and as
of yet it has not been addressed in depth by the advocates of the soliton wave model who seem to
favor looking to just lipid phase changes in biological membranes and to ignore possible roles of
the membrane proteins.  If the advocates of the soliton wave model are able to disprove the
above hypothesis, they will perhaps strengthen the case for their model to some extent.  Those
who advocate the Hodgkin-Huxley model might also wish to explore this hypothesis, to see if it
may be confirmed to be consistent with their model.  
4c.  Change in cell diameter with action potential passage.
The third observation often associated with an action potential is that of the transient
swelling of the cell observed during an action potential [Tasaki, 1999a, 1999b].  The extent of
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the cell swelling differs with reports.  Hill et al. [1977] in a crayfish giant axon observed a
swelling in the range of 3-25 Å with action potential passage.  Another study, using a nerve from
a crab, [Iwasa et al., 1980] noted a swelling in the range of 50-100 Å.  Chéreau et al. [2016]
observed increases in the axon diameter in the range of 100-300 nm.  While, a study of the action
potential in the giant internodal cell of Chara braunii [Fillafer et al., 2018] reported a range of
swelling in cell diameter associated with the action potential of 1-10 ìm.  Fields et al. [2010]
observed axon swelling of under 0.5 ìm with action potential passage, and also reports that this
cell swelling induced ATP release out of the cell via volume-activated anion channels.  Thus
there seems to be quite a range of variation between taxa in terms of just how much cell swelling
is associated with an action potential.  Given the range of the reported cell swellings, some
caution is called for in terms of possible causes as several influences might be involved.
The advocates of the soliton wave model for the action potential suggest that the transient
increase in cell size during an action potential is associated with a liquid-crystalline to gel phase
transition in the lipids of the excited cell [Heimburg et al., 2005, 2006;  Heimburg, 2012, 2018]. 
Such a change in thickness can be inferred from the change in capacitance of a phospholipid
bilayer after phase transition [Toyama et al., 1991;  White, 1970].  One phospholipid bilayer has
been reported to have a thickness of 47.9 Å when in the gel phase, which drops to a thickness of
39.2 Å when in the fluid (liquid-crystalline) phase [Heimburg, 1998].  And changes in the
thickness of phospholipid bilayers upon phase transition has been reported in other studies
[Koynova et al., 2013;  Mosgaard et al., 2015, Pagano et al., 1973, Stevenson et al., 2017],
including one in which atomic force microscopy was used to monitor the phospholipid bilayer
thickness change across the phase transition [Goksu et al., 2009].  Obviously in a cell, with an
upper and lower cell membrane, this displacement would be expected to be doubled if both the
bottom and top cell membranes underwent phase shifts at the same time.  Gonzalez-Perez et al.
[2016] used atomic force microscopy on a neuron from lobster, and found displacements in the
range of 0.2-1.2 nm associated with action potential passage.  One question concerning that work
relates to what the atomic force microscopy probe might have been actually touching.  If this
probe was overly broad, then it might perhaps be more likely to have touched surface proteins
which extend above the plane of the cell membrane rather than the lipids directly?  Whether or
not any phase-shift associated change in the thickness of the lipid phase would then be expected
to alter the height of such membrane proteins should perhaps be examined.  
In addition to a possible lipid phase transition altering membrane, and so cell, thickness,
there are several other plausible means by which the cell diameter might be altered during an
action potential.  One possibility may be associated with osmotic effects.  It is noted that cells
can swell with ionic fluxes [Sorota, 1992], and that such swelling can alter some aspects of the
action potential itself [Decher et al., 2001].  Mosbacher et al. [1998] estimates that the ion fluxes
out of a voltage clamped HEK cells over the course of twenty seconds could cause the cell to
shrink in diameter by 200 nm.  So could the transient ion flows associated with an action
potential induce local swelling in this manner?  Another possibility relates to the fact that
biological membranes are comprised of large amounts of proteins, and so the possible role of
shifts in protein conformation during an action potential would also seem to be relevant.  There
are reports that some potassium ion channels are rather flexible [Mosbacher et al., 1998], with
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Kowal et al. [2014] reporting the use of atomic force microscopy to observe that the binding of a
ligand to a K  channel altered the height of that protein by 1.5 nm.  Atomic force microscopy was+
used in another study on a voltage dependent anion channel isolated from human mitochondria,
and found that it was an extremely flexible membrane protein [Ge et al., 2016].  A study using
cultured HEK cells, also using atomic force microscopy, found that some ion channels could
under go conformational shifts in their vertical height above the membrane in the range of 1.4
nm, and that just the voltage sensing S4 domain alone in such channels often shifted by 20 Å
[Beyder et al., 2009].  Thus, could some of the change in cell thickness be due to changes in
membrane protein conformation during the time of action potential passage?  Yet another
plausible source of change in cell diameter might be that of electroflexion [Petrov, 2006].  Here a
shift in the membrane potential can induce changes in membrane curvature, with some sections
of the membrane reported to bulge out as much as five nanometers [Mosbacher et al., 1998], and
other sections suggested to be anchored to the cortical cytoskeleton [Beyder et al., 2009;  Zhang
et al., 2001].  A study of HEK cells under whole cell patch clamp conditions, and which used
atomic force microscopy to monitor the electroflexion, found that for each 100 mV of applied
hyperpolarization roughly one nanometer of membrane flexing might be induced [Beyder et al.,
2009].  Another possibility is raised by El Hady et al. [2015], who suggests that the electric field
shifts associated with the action potential might affect the underlying cytoskeleton and so alter
the tensions applied to the cell membrane, creating a surface swelling.  Finally, there are changes
noted to occur in an axon, and at synapses, during the passage of an action potential involving
increases in the cell membrane surface area attributed to vesicle fusions [Chéreau et al., 2016],
which might result in altered axon surface shape and diameter as well.  
Thus there are many possible means by which the cell swelling seen during action
potential passage might be produced.  It should be noted that many of the above options could, in
principle, operate in a manner consistent with the Hodgkin-Huxley model (Table 2). Of course, it
is entirely possible that several of these  mechanisms may, to some extent, operate together to
contribute to the observed cell swelling seen during an action potential.  Clearly further work is
needed in this area.  Thus, here again is an alternative hypothesis which the good people who
advocate for the soliton wave model need to attempt to refute, if they can, so that their proposal
that a lipid phase transition accounts for this change in cell diameter can be strengthened.  And
those who support the Hodgkin-Huxley model of the action potential may wish to examine some
of these phenomena to see if any of them can be confirmed to operate during an action potential.
5.  Are lipid phase transitions common and adaptive?
For the action potential to be accounted for by the soliton wave model, the assumption
that lipid phase transitions occur regularly in the cell membranes of neurons and of other
excitable cells is critical.  Given the importance of this assumption, a brief review of reports of
lipid phase transitions from the biological literature would seem to be in order.  It should be
noted that there is no doubt that imposed changes in temperature [Verkley et al., 1975], pressure,
tension [Imam et al., 2016], ionic strength, water potential, or other added factors [Lenné et al.,
2007;  Meerschaert et al., 2015], can influence whether or not biological membranes display lipid
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phase transition, or the formation of lipid pores [Heimburg, 2007].  For instance, Shen et al.
[2017b] found that feeding cultured cells highly saturated fatty acids could induce a phase
transition in the membrane of the endoplasmic reticulum, where most new phospholipids are
assembled in animal cells.  However, they also note that long term exposure to such fatty acids
ultimately led to cell death.  The work of Yu et al. [2015] reports that, through electroporation of
isolated and cultured neurons, DNA could be delivered via induced lipid pores into some cells
for expression in them, with only 40% or less of the electroporated cell dying from the treatment. 
A study which examined what temperatures best promote preservation of bovine oocytes [Arav
et al., 1996] found that cooling below the standard 22 C storage temperature induced aB
membrane lipid phase transition in the cell membranes leading to damage to these cells, resulting
in their rupture and loss. A study of the antibiotic daptomycin [Müller et al., 2016] suggested that
its mode of action involved the induction of a lipid phase shift towards lower fluidity in the
membrane of the treated bacterial cells;  killing them.  Together these reports support the general
consensus from the biological literature that phase transitions, and the accompanying lipid pores
which may form during them, can be very stressful to cells.  This view has much additional
support (see Table A1 in the appendix).  For instance, there are reports that phase transitioning
from a liquid-crystalline to a gel lipid phase can lower or eliminate the activity of some
membrane proteins [Armond et al., 1979;  Boheim et al., 1980;  Gennis et al., 1977;  Grisham et
al., 1973;  Koynova et al., 2013;  Murata et al., 1975;  Silvius et al., 1980;  Zakim et al., 1975]. 
Also, phase transitions in the plasma membrane of cells have been reported to stress and damage
cells, mainly by the induction of non-selective pores in the membrane which can lead to the
leakage of small items out of the cell [Amir et al., 2008;  Balasubramanian et al., 2009;  Crowe
et al., 1989;  Ghetler et al., 2005;  Hendricks et al., 1976;  Lin et al., 2014, Oldenhof et al., 2010; 
Ono et al., 1982;  Pasternak et al., 1992;  Ragoonanan et al., 2008;  Senaratna et al., 1984;  Sun,
1999], but also can induce higher rates of lipid peroxidation during phase transition producing
damaging products in the cell [Scott et al., 1991].  Several studies have concluded that, in order
to maintain viability, cells must keep their plasma membrane in a fluid/liquid crystalline state
[Chugunov et al., 2014;  Kilin et al., 2015;  Koynova et al., 2013;  Lockshon et al., 2012; 
Melchior, 1982;  Moein-Vaziri et al., 2014;  Morein et al., 1996;  Overath et al., 1970].  Some
articles question whether lipid phase transitions occur in cells under normal conditions, or if they
are ever used to achieve any useful physiological outcomes [Chapman et al., 1974;  Crowe et al.,
1999;  Kilin et al., 2015;  Lee et al., 2015;  Mabrey et al., 1977;  Menon, 2018;  Palleschi et al.,
1996;  Pike et al., 1980;  Quinn, 1981;  Rao et al., 2014;  Sevcsik et al., 2015;  Zakim et al.,
1975].  Conditions which promote lipid phase transitions seem to be linked to some disease
states [Alberti et al., 2016;  Maulucci et al., 2017;  Reddy et al., 2016].  Finally, there is also a
report that when under stress some cells produce proteins which act to inhibit lipid phase
transitions [Wu et al., 2000], and so help the cell avoid phase transition-associated damage. 
Taken in total, these studies imply that in order for the cell to maintain its plasma membrane as a
controllable permeability barrier, and for the cell to be viable, there seems to be a need to avoid
lipid phase transitions when possible.
There are some reports of different states of lipids in membranes, and transitions between
them, which are suggested to perhaps be more benign than that of the liquid-crystalline to gel
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phase transition.  There are two proposed versions of the liquid-crystalline phase, called a liquid-
disordered phase (ld) and a liquid-ordered phase (lo).  This relates to the hypothesis of lipid rafts
(also called membrane nanodomains) [Dent et al., 2016;  Karnovsky et al., 1982;  Lingwood et
al., 2010;  Rao et al., 2014].  A study by Garcia-Manyes et al. [2010] using atomic force
microscopy reports that different regions of a phospholipid bilayer can have different resistance
to 'punch-through' by the probe tip in a manner which may reflect differences in the bilayer
between areas in ld, to ones in an lo, state.  Which suggests the existence of distinct nanodomain
regions in the bilayer.  Brown et al. [1998] suggests that biological membranes are most likely in
a disordered liquid crystalline state, but notes the possibility that some sort of shift to a more
ordered liquid crystalline state might occur.  Almeida [2011] suggests that the lo and ld  states
might coexist, but argues that, since the energy shift between these two states is about an eighth
of that seen between an ld and gel phase, there is no significant heat release with phase transition
from the ld to the lo states.  It should be noted that there are significant debates over whether or
not these different lipid rafts/nanodomains actually occur in the plasma membrane of living cells,
with some presenting arguments and observations which challenge some aspects of the lipid raft
concept [Leslie, 2011;  Lu et al., 2018;  Sevcsik et al., 2015].  For a good review of some of the
technical challenges of studying such small, and fleeting, areas of the membrane see Elson et al.
[2010].  Thus the entire lipid raft concept is still under active debate and exploration, and how, or
if, it might relate to the soliton wave model of the action potential is still unclear.
In contrast, then, to the notion that lipid phase changes are rare and damaging, the
proponents of the soliton wave model of action potentials seem to suggest yet another paradigm
shift:  That lipid phase changes occur in biological membranes in an adaptive manner, especially
in the cell membranes of neurons during action potentials [Heimburg et al., 2006, 2007; 
Heimburg, 2018].  Given the central importance of the assumption of lipid phase changes for
their soliton model [Andersen et al., 2009;  Appali et al., 2012;  Heimburg et al., 2005;  Vargas
et al., 2011] one would expect that this group would supply supporting evidence, perhaps by
citing reports of liquid crystalline to gel phase transitions in neuron plasma membranes - but,
oddly, no direct evidence is presented.  In some cases, when they do cite a source [Blicher et al.,
2013;  Gallaher et al., 2010;  Gonzalez-Perez et al., 2014;  Heimburg, 2010, 2018;  Lautrup et
al., 2011;  Mosgaard et al., 2015;  Wodzinska et al., 2009], what is cited is often an earlier
publication from their own group, in which this claim was previously implied.  In some cases
they do cite studies from outside of their own research group (as done for instance by Heimburg
[2007], Laub et al. [2012], and Mosgaard et al. [2013b]).  But in those instances, the items cited
often relate either to phase transitions imposed on the membrane of E. coli, to how phase
transitions can be seen in extracted lipids from lung surfactant (which Nag et al. [1998] notes is a
lipid monolayer), or to other items.  However, they do not cite direct reports of observed liquid
crystalline to gel phase transitions in the membranes of neurons themselves under physiological
conditions.  Thus no direct evidence is cited in support of the claim that in the plasma membrane
of neurons such a phase transition commonly occurs.  Of course, phase transitions can be
artificially imposed on a neuron, for instance by cooling it or by altering the lipid composition of
its membrane.  But obviously such influences are not used in vivo in our nervous tissue, and so
the physiological relevance of such imposed transitions is left unclear.  Obviously, it is not
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enough that lipid phase transitions be shown to be inducible in such cells, if the soliton model is
to apply to action potentials in neurons and other excitable cells, then such phase transitions must
be shown to actually occur in those specific cells under normal conditions.  In addition, if such
liquid crystalline to gel phase transitions are actually shown to occur, then the next question
would be how does the neuron survive having items leak out through lipid pores which
presumably would be induced with each phase transition? 
There are reports of studies of the state of lipids in neurons.  For instance, the studies of
Sonnino et al. [2015], Bonaventura et al. [2013], and Saxena et al. [2015] examined the cell
membranes of neurons, but none of these studies mention any evidence of a liquid-crystalline to
gel phase transition, which are said to be needed for there to be soliton waves in a neuron
[Heimburg, 2005].  Thus, it would seem to be essential for the proponents of the soliton wave
model to produce positive evidence of this specific phase transition in the membrane of neurons
during action potential propagation.  Without such evidence, one of the keystone assumptions of
their model, indeed the soliton model of action potentials itself, is left in major doubt.  
6.  In conclusion.
The good people who advocate for the soliton wave model of the action potential, and for
the inducible lipid pore model, are proposing hypotheses which would call for the overturning of
several existing paradigms:  1)  That the current flows attributed to ion channels might instead be
passing through lipid pores induced by the proteins currently thought to be the ion channels.  2) 
That the Hodgkin-Huxley view of the action potential should be replaced with their soliton wave
model.  3)  Associated with that, they challenge the existence of action potential annihilation
upon collision.  4)  And they suggest that lipid phase transitions, rather than being harmful to
cells, are used in an adaptive and significant manner during the action potential, and perhaps in
other contexts.  To call these suggestions bold would be a vast understatement.  On one level,
perhaps, these workers are to be praised for the hard work they have done to raise alternatives to
existing dogmas, however, they now need to show significant evidence that their suggested
phenomena occur inside of real cells in a manner consistent with their proposals.  Clearly, such
broad claims require massive amounts of evidence in order to be convincing.  
Part of the reason, perhaps, for their boldness is the 'thermodynamic approach' which they
take in producing their models [Heimburg et al., 2006;  Heimburg, 2009;  Lautrup et al., 2011; 
Vargas et al., 2011].  They state that such an approach allows them to produce "... correct
predictions..."  [Andersen et al., 2009; pg. 107].  This might be somewhat of a valid claim, to the
extent that their resulting models are more likely to be consistent with known physical/chemical
rules, and so help to avoid proposals which might violate such rules.  But, it should be noted, that
while it is necessary that a proposed model be consistent with such rules, that alone is not
sufficient to demonstrate that life makes adaptive use of aspects of that model's phenomena. 
After all, there are many phenomena which are fully consistent with physical/chemical rules but
which are actively avoided by most forms of life.  For instance, consider the case of liquid water
in the cytosol of cells.  With a sufficient drop in temperature, this water can be induced to
transition into a solid phase, which can be described via thermodynamics [Khvorostyanov et al.,
18
Meissner:  Proposed tests of the soliton wave model of action potentials.
2004].  But the formation of ice crystals inside a cell can damage cellular structures resulting in
the leaking out of cell contents [Barbier et al., 1982], and so to avoid this damage many species
produce various internal changes, some at significant expense, in an attempt to inhibit or limit the
formation of such ice crystals [Moellering et al., 2010;  Sun et al., 2014;  Wu et al., 2000].  Thus,
just because ice formation is possible according to physical/chemical rules, that does not mean
that it is used by cells in an adaptive manner.  The same may be said for the phase transitions
which many membrane lipids are capable of undergoing.  By thermodynamics such phase
transitions may indeed be shown to be possible, but that does not exclude other phenomena also
being possible.  And given that the mechanisms underlying the Hodgkin-Huxley model are also
consistent with known physical/chemical rules, clearly the mechanisms of the Hodgkin-Huxley
model are alternatives which cells have the option to use, rather than making use of solitons, in
producing their action potentials.  Therefore, the thermodynamic approach taken by the
advocates of the soliton wave model has its benefits, but it does not remove the need to test and
confirm the actual occurrence of the phenomena associated with their models inside of living
cells.
This review has presented several ways in which aspects of the soliton model of the
action potential, and the accompanying proposal of induced lipid pore use in life, might be tested. 
Many other tests of these proposals are possible.  In addition, some suggestions have been raised
relative to how the three non-electrical phenomena associated with the action potential
(birefringence shifts, patterns of heat emission and absorption, and changes in cell diameter)
might be accounted for in a manner largely consistent with the Hodgkin-Huxley model.  Clearly
more study of these three phenomena associated with action potentials needs to be done.  It is
hoped that this review will help stimulate such work.  It will be the results of such tests which
will ultimately determine which aspects, if any, of the soliton wave model, and of the proposal
concerning lipid pores, become incorporated into our views of life.  Meanwhile, we should
acknowledge the value of work which challenges dogma.  And so, even if none of their proposals
are found to be upheld, the advocates of the soliton model have provided a useful service in
providing some original thinking, and some creative alternative hypotheses relative to existing
dogma.  Hopefully they will continue to do so.  
Acknowledgements:
The author would like to thank the faculty and staff at UP Cebu for their hospitality and
for permitting the use of their facilities while writing this article.  Also, thanks is due to Prof.
Heimburg for his patient replies to many questions sent his way.  
19
Meissner:  Proposed tests of the soliton wave model of action potentials.
References:
Abbott B.C- 1960-Heat production in nerve and electric organ- Journal of General Physiology 
43:  (#5)  119-127.
Alberti S., A.A. Hyman- 2016-Are aberrant phase transitions a driver of cellular aging?-
Bioessays 38:  959-968.
Almeida P.F- 2011-A simple thermodynamic model of the liquid-ordered state and the
interactions between phospholipids and cholesterol- Biophysical Journal  100:  (Jan.)  420-429.
Almeida C., A. Lamazière, A. Filleau, Y. Corvis, P. Espeau, J. Ayala-Sanmartin- 2016-
Membrane re-arrangements and rippled phase stabilisation by the cell penetrating peptide
penetratin- Biochimica et Biophysica Acta  1858:  2584-2591.
Amir A., R. Zvi- 2008-Do chilling injury and heat stress share the same mechanism of injury in
oocytes?- Molecular and Cellular Endocrinology 282:  150-152.
Andersen S.S.L., A.D. Jackson, T. Heimburg- 2009-Towards a thermodynamic theory of nerve
pulse propagation- Progress in Neurobiology  88:  104-113.
Antonov V.F., V.V. Petrov, A.A. Molnar, D.A. Predvoditelev, A.S. Ivanov- 1980-The
appearance of single-ion channels in unmodified lipid bilayer membranes at the phase transition
temperature- Nature 283:  585-587.
Appali R., U. van Rienen, T. Heimburg- 2012-A comparison of the Hodgkin-Huxley model and
the Soliton theory for the action potential in nerves- Chapter 9 in Advances in Planar Lipid
Bilayers and Liposomes, Vol. 16, 275-299.
Arav A., Y. Zeron, S.B. Leslie, E. Behboodi, G.B. Anderson, J.H. Crowe- 1996-Phase transition
temperature and chilling sensitivity of bovine oocytes- Cryobiology 33:  589-599.
Armond P.A., L.A. Staehelin- 1979-Lateral and vertical displacement of integral membrane
proteins during lipid phase transition in Anacystis nidulans- PNAS USA  76:  (#4)  1901-1905.
Aziz Q.H., C.J. Partridge, T.S. Munsey, A. Sivaprasadarao- 2002-Depolarization induces
intersubunit cross-linking in a S4 cysteine mutant of the Shaker potassium channel- Journal of
Biological Chemistry  277:  (#46, 11/8)  42719-42726.
Bakk A., J.S. Høye, A. Hansen- 2001-Heat capacity of protein folding- Biophysical Journal  81: 
710-714.
20
Meissner:  Proposed tests of the soliton wave model of action potentials.
Balasubramanian S.K., W.F. Wolkers, J.C. Bischof- 2009-Membrane hydration correlates to
cellular biophysics during freezing in mammalian cells- Biochimica et Biophysica Acta  1788: 
945-953.
Barbier H., F. Nalin, J. Guern- 1982-Freezing injury in sugar beet root cells:  Sucrose leakage
and modification of tonoplast properties- Plant Science Letters 26:  75-81.
Barrantes F.J- 2015-Phylogenetic conservation of protein-lipid motifs in pentameric ligand-gated
ion channels- Biochimica et Biophysica Acta  1848:  1796-1805.
Beams J.W., E.O. Lawrence- 1927-On the lag of the Kerr effect- PNAS USA 13:  505-510.
Berg R.W., M.T. Stauning, J.B. Sørensen, H. Jahnsen- 2017-Comment on "Penetration of action
potentials during collision in the median and lateral giant axons of invertebrates"- Physical
Review X  7:  028001, 3 pgs.  doi:  10.1103/PhysRevX.7.028001.
Bernheimer A.W., B. Rudy- 1986-Interactions between membranes and cytolytic peptides-
Biochimica et Biophysica Acta  864:  123-141.
Beyder A., F. Sachs- 2009-Electromechanical coupling in the membranes of Shaker-transfected
HEK cells- PNAS USA  106:  (#16, 4/21)  6626-6631.
Blicher A., T. Heimburg- 2013-Voltage-gated lipid ion channels- PLoS ONE  8:  (#6)  e65707,
doi:  10.1371/journal.pone.0065707.
Boheim G., W. Hanke, H. Eibl- 1980-Lipid phase transition in planar bilayer membrane and its
effect on carrier- and pore-mediated ion transport- PNAS USA  77:  (#6, June)  3403-3407.
Bonaventura G., M.L. Barcellona, O. Golfetto, J.L. Nourse, L.A. Flanagan, E. Gratton- 2013-
Laurdan monitors different lipid content in eukaryotic membrane during embryonic neural
development- Cell Biochemistry and Biophysics  (Published online 5/14) 10 pgs.,  doi: 
10.1007/s12013-014-9982-8.
Brown D.A., E. London- 1998-Functions of lipid rafts in biological membranes- Annual Review
of Cell and Developmental Biology  14:  111-136.
Cha A., F. Bezanilla- 1997-Characterizing voltage-dependent conformational changes in the
Shaker K  channel with fluorescence- Neuron  19:  (Nov.)  1127-1140.+
Chakrabarti A.C., D.W. Deamer- 1992-Permeability of lipid bilayers to amino acids and
phosphate- Biochimica et Biophysica Acta  1111:  171-177.
21
Meissner:  Proposed tests of the soliton wave model of action potentials.
Chapman D., J. Urbina, K.M. Keough- 1974-Biomembrane phase transitions- Journal of
Biological Chemistry  249:  (#8, 4/25)  2512-2521.
Chéreau R., G.E. Saraceno, J. Angibaud, D. Cattaert, U.V. Nägerl- 2016-Superresolution
imaging reveals activity-dependent plasticity of axon morphology linked to changes in action
potential conduction velocity- PNAS USA  114:  (#6, 2/7)  1401-1406.
Chugunov A.O., P.E. Volynsky, N.A. Krylov, I.A. Boldyrev, R.G. Efremov- 2014-Liquid but
durable:  Molecular dynamics simulations explain the unique properties of Archaeal-like
membranes- Scientific Reports  4:  7462, 8 pgs, doi:  10.1038/srep07462.
Cohen L.B., B. Hille, R.D. Keynes- 1969-Light scattering and birefringence changes during
activity in the electric organ of Electrophorus electricus- Journal of Physiology 203:  489-509.
Cohen L.B., B. Hille, R.D. Keynes- 1970-Changes in axon birefringence during the action
potential- Journal of Physiology 211:  495-515.
Cohen L.B., B. Hille, R.D. Keynes, D. Landowne, E. Rojas- 1971-Analysis of the potential-
dependent changes in optical retardation in the squid giant axon- Journal of Physiology  218: 
205-237.
Cohen L.B., B.M. Salzberg, H.V. Davila, W.N. Ross, D. Landowne, A.S. Waggoner, C.H.
Wang- 1974-Changes in axon fluorescence during activity:  Molecular probes of membrane
potential- Journal of Membrane Biology 19:  1-36.
Crowe J.H., F.A. Hoekstra, L.M. Crowe- 1989-Membrane phase transitions are responsible for 
imbibitional damage in dry pollen- PNAS USA  86:  (Jan.)  520-523.
Crowe J.H., F. Tablin, N. Tsvetkova, A.E. Oliver, N. Walker, L.M. Crowe- 1999-Are lipid phase
transitions responsible for chilling damage in human platelets?- Cryobiology  38:  180-191.
Curnow P., P.J. Booth- 2007-Combined kinetic and thermodynamic analysis of á-helical
membrane protein unfolding- PNAS USA  104:  (#48, 11/27)  18970-18975.
Deamer D.W., J. Bramhall- 1986-Permeability of lipid bilayers to water and ionic solutes-
Chemistry and Physics of Lipids  40:  167-188.
Decher N., H.J. Lang, B. Nilius, A. Brüggemann, A.E. Busch, K. Steinmeyer- 2001-DCPIB is a
Cl,swellnovel selective blocker of I  and prevents swelling-induced shortening of guinea-pig atrial
action potential duration- British Journal of Pharmacology  134:  1467-1479.
22
Meissner:  Proposed tests of the soliton wave model of action potentials.
Dent M.R., I. López-Duarte, C.J. Dickson, P. Chairatana, H.L. Anderson, I.R. Gould, D. Wylie,
A. Vyšniauskas, N.J. Brooks, M.K. Kuimova- 2016-Imaging plasma membrane phase behaviour
in live cells using a thiophene-based molecular rotor- Chemical Communications  52:  13269-
13272, doi:  10.1039/C6CC05954F.
El Hady A., B.B. Machta- 2015-Mechanical surface waves accompany action potential
propagation- Nature Communications  6:  6697, doi:  10.1038/ncomms7697.
Elson E.L., E. Fried, J.E. Dolbow, G.M. Genin- 2010-Phase separation in biological membranes: 
Integration of theory and experiment- Annual Review of Biophysics  39:  207-226, doi: 
10.1146/annurev.biophys.093008.131238.
Feigin A.M., E.V. Aronov, J.H. Teeter, J.G. Brand- 1995-The properties of ion channels formed
by the coumarin antibiotic, novobiocin, in lipid bilayers- Biochimica et Biophysica Acta  1234: 
43-51.
Ferraina S., M. Paré, R.H. Wurtz- 2002-Comparison of cortico-cortical and cortico-collicular
signals for the generation of saccadic eye movements- Journal of Neurophysiology  87:  845-858,
doi: 10.1152/jn.00317.2001.
Fields R.D., Y. Ni- 2010-Nonsynaptic communication through ATP release from volume-
activated anion channels in axons- Science Signaling  3:  (#142), ra73, doi: 
10.1126/scisignal.2001128.
Fillafer C., M. Mussel, J. Muchowski, M.F. Schneider- 2018-On cell surface deformation during
an action potential- Biophysical Journal  114:  (#2)  410-418.
Fillafer C., A. Paeger, M.F. Schneider- 2017-Collision of two action potentials in a single
excitable cell- Biochimica et Biophysica Acta  - General Subjects  1861:  3282-3286.
Fleidervish I.A., N. Lasser-Ross, M.J. Gutnick, W.N. Ross- 2010-Na  imaging reveals little+
difference in action potential-evoked Na  influx between axon and soma- Nature Neuroscience +
13:  (#7)  852-860, doi: 10.1038/nn.2574.
Foust A.J. D.M. Rector- 2007-Optically teasing apart neural swelling and depolarization-
Neuroscience  145:  (#3, 3/30)  887-899.
Gallaher J., K. Wodriñska, T. Heimburg, M. Bier- 2010-Ion-channel-like behavior in lipid
bilayer membranes at the melting transition- Physics arXiv (April 7)  1004.1126v1, physics.bio-
ph.
23
Meissner:  Proposed tests of the soliton wave model of action potentials.
Garcia-Manyes S., F. Sanz- 2010-Nanomechanics of lipid bilayers by force spectroscopy with
AFM:  A perspective- Biochimica et Biophysica Act  1798:  741-749.
García-Sáez A.J., S. Chiantia, J. Salgado, P. Schwille- 2007-Pore formation by a Bax-derived
peptide:  Effect on the line tension of the membrane probed by AFM- Biophysical Journal  93: 
(July)  103-112.
Ge L., S. Villinger, S.A. Mari, K. Giller, C. Griesinger, S. Becker, D.J. Müller, M. Zweckstetter-
2016-Molecular plasticity of the voltage-dependent anion channel embedded into a membrane-
Structure  24:  (#4, 4/5)  585-594, doi:  10.1016/j.str.2016.02.012.
Gennis R.B., A. Jonas- 1977-Protein-lipid interactions- Annual Review of Biophysics and
Bioengineering  6:  195-238.
Ghetler Y., S. Yavin, R. Shalgi, A. Arav- 2005-The effect of chilling on membrane lipid phase
transition in human oocytes and zygotes- Human Reproduction  20:  (#12)  3385-3389.
Goksu E.I., J.M. Vanegas, C.D. Blanchette, W-C. Lin, M.L. Longo- 2009-AFM for structure and
dynamics of biomembranes- Biochimica et Biophysica Acta  1788:  254-266.
Gonzalez-Perez A., R. Budvytyte, L.D. Mosgaard, S. Nissen, T. Heimburg- 2014-Penetration of
action potentials during collision in the median and lateral giant axons of invertebrates- Physical
review X  4:  031047, 12 pgs,  doi:  10.1103/PhysRevX.4.031047.
Gonzalez-Perez A., L.D. Mosgaard, R. Budvytyte, E. Villagran-Vargas, A.D. Jackson, T.
Heimburg- 2016-Solitary electromechanical pulses in lobster neurons- Biophysical Chemistry 
216:  51-59.
Grisham C.M., R.E. Barnett- 1973-The role of lipid-phase transitions in the regulation of the
(sodium + potassium) adenosine triphosphatase- Biochemistry  12:  (#14)  2635-2637.
Gutsmann T., T. Heimburg, U. Keyser, K.R. Mahendran, M. Winterhalter- 2015-Protein
reconstitution into freestanding planar lipid membranes for electrophysiological characterization-
Nature Protocols  10:  (#1)  188-198.
Heimburg T- 1998-Mechanical aspects of membrane thermodynamics.  Estimation of the
mechanical properties of lipid membranes close to the chain melting transition from calorimetry-
Biochimica et Biophysica Acta  1415:  147-162.
Heimburg T- 2007-Thermal Biophysics of Membranes- Tutorials in Biophysics- 363 pgs.  Wiley-
VCH Verlag GmbH & Co.  KGaA.  Weinheim, Germany.
24
Meissner:  Proposed tests of the soliton wave model of action potentials.
Heimburg T- 2009-The physics of nerves (English Translation)- Physik Journal  8:  (#3)  33-39.
Heimburg T- 2010-Lipid ion channels- Biophysical Chemistry  150:  2-22.
Heimburg T- 2012-The capacitance and electromechanical coupling of lipid membranes close to
transitions:  The effect of electrostriction- Biophysical Journal  103:  (Sept)  918-929.
Heimburg T- 2018-Phase transitions in biological membranes- Physics ArXiv, 1805, 11481 v1,
May 29,  23 pgs, physics.bio.ph.
Heimburg T., A.D. Jackson- 2005-On soliton propagation in biomembranes and nerves- PNAS
USA  102:  (#28, July 12)  9790-9795.
Heimburg T., A.D. Jackson- 2006-On the action potential as a propagating density pulse and the
role of anesthetics- Physics ArXiv, Oct. 19, 13 pgs, arXiv:physics/0610117v2 [physics.bio-ph].
Heimburg T., A.D. Jackson- 2007-The thermodynamics of general anesthesia- Biophysical
Journal   92:  (May) 3159-3165.
Hendricks S.B., R.B. Taylorson- 1976-Variation in germination and amino acid leakage of seeds
with temperature related to membrane phase change- Plant Physiology  58:  7-11.
Hill B.C., E.D. Schubert, M.A. Nokes, R.P. Michelson- 1977-Laser interferometer measurement
of changes in crayfish axon diameter concurrent with action potential- Science  196:  (#4288,
4/22) 426-428.
Hille B- 1984-Ionic Channels of Excitable Membranes- 426 pgs.  Sinauer Assoc., Inc. 
Sunderland, Mass., USA.  
Hodgkin A.L- 1937-Evidence for electrical transmission in nerve.  Part I- Journal of Physiology
(London)  90:  183-210.
Hodgkin A.L., A.F. Huxley- 1952a-A quantitative description of membrane current and its
application to conduction and excitation in nerve- Journal of Physiology 117:  500-544.
Hodgkin A.L., A.F. Huxley- 1952b-Currents carried by sodium and potassium ions through the
membrane of the giant axon of Loligo- Journal of Physiology  116:  449-472.
Hodgkin A.L., R.D. Keynes- 1955-The potassium permeability of a giant nerve fibre- Journal of
Physiology  128: 61-88.
25
Meissner:  Proposed tests of the soliton wave model of action potentials.
Howarth J.V., R.D. Keynes, J.M. Ritchie- 1968-The origin of the initial heat associated with a
single impulse in mammalian non-myelinated nerve fibres- Journal of Physiology  194:  745-793.
Howarth J.V., R.K. Keynes, J.M. Richie, A. von Muralt- 1975-The heat production associated
with the passage of a single impulse in pike olfactory nerve fibers- Journal of Physiology  249: 
349-368.
Huxley A- 2002-From overshoot to voltage clamp- Trends in Neuroscience  25:  (#11)  553-558.
Huynh P.D., C.Cui, H. Zhan, K.J. Oh, R.J. Collier, A. Finkelstein- 1997-Probing the structure of
the diphtheria toxin channel  Reactivity in planar lipid bilayer membranes of cysteine-stubtituted
mutant channels with methanethiosulfonate derivatives- Journal of General Physiology  110: 
(Sept)  229-242.
Hyun N.G., K-H. Hyun, K. Lee, B-K. Kaang- 2012-Temperature dependence of action potential
parameters in Aplysia neurons- Neurosignals  20:  252-264, doi:  10/1159/000334960.
Iggo A- 1958-The electrophysiological identification of single nerve fibers, with particular
reference to the slowest-conducting vagal afferent fibers in the cat- Journal of Physiology  142: 
110-126.
Imam Z.I., L.E. Kenyon, A. Carrillo, I. Espinoza, F. Nagib, J.C. Stachowiak- 2016-Steric
pressure among membrane-bound polymers opposes lipid phase separation- Langmuir  32:  (#15) 
3774-3784, doi:  10.1021/asc.langmuir.6b00170.
Iwasa K. I. Tasaki, R.C. Gibbons- 1980-Swelling of nerve fibers associated with action
potentials- Science  210:  (10/17)  338-339.
Karnovsky M.J., A.M. Kleinfeld, R.L. Hoover, R.D. Klausner- 1982-The concept of lipid
domains in membranes- Journal of Cell Biology  94:  (July)  1-6.
Kelly M.K., G.E. Carvell, J.A. Hartings, D.J. Simons- 2001-Axonal conduction properties of
antidromically identified neurons in rat barrel cortex- Somatosensory & Motor Research 18:  (#3) 
202-210.
Khvorostyanov V.I., J.A. Curry- 2004-Thermodynamic theory of freezing and melting of water
and aqueous solutions- Journal of Physical Chemistry A  108:  11073-11085.
Kilin V., O. Glushonkov, L. Herdly, A. Klymchenko, L. Richert, Y. Mely- 2015-Fluorescence
lifetime imaging of membrane lipid order with a radiometric fluorescent probe- Biophysical
Journal  108:  (May)  2521-2531.
26
Meissner:  Proposed tests of the soliton wave model of action potentials.
Kippenberg T.J., A.L. Gaeta, M.Lipson, M.L. Gorodetsky- 2018-Dissipative Kerr solitons in
optical microsonators- Science  361:  (#6402, 8/10)  567, and online at
http://dx.doi.org/10.1126/science.aan8083.
Kobatake Y., I. Tasaki, A. Watanabe- 1971-Phase transition in membrane with reference to nerve
excitation- Advances in Biophysics  2:  1-31.
König G., S. Bruckner, S. Boresch- 2013-Absolute hydration free energies of blocked amino
acids:  Implications for protein solvation and stability- Biophysical Journal  104:  (Jan.)  453-462.
Kooijman M., M. Bloemendal, P. Traubs, R. van Grondelle, H. van Amerongen- 1997-Transient
electric birefringence study of intermediate filament formation from vimentin and glial fibrillary
acidic protein- Journal of Biological Chemistry  272:  (#36, 9/5)  22548-22555.
Kowal J., M. Chami, P. Baumgartner, M. Arheit, P-L. Chiu, M. Rangl, S. Scheuring, G.F.
Schröder, C.M. Nimigean, H. Stahlberg- 2014-Ligand-induced structural changes in the cyclic
nucleotide-modulated potassium channel MloK1- Nature Communications  5:  3106, 10 pgs, doi: 
10.1038/ncomms4106.
Koynova R., B. Tenchov- 2013-Transitions between lamellar and non-lamellar phases in
membrane lipids and their physiological roles- OA Biochemistry 1:  (#1, 4/1)  9 pgs.
Krause S., B. Zvilichovsky, M.E. Galvin- 1980-Kerr effect of charged dipolar macromolecules
without condensed counterions in conducting solution- Biophysical Journal  29:  (March)  413-
426.
Landowne D., J.B. Larsen, K.T. Taylor- 1983-Colchicine alters the nerve birefringence response-
Science  220:  (#4600, 5/27)  953-954.
Laub K.R., K. Witschas, A. Blicher, S.B. Madsen, A. Lückhoff, T. Heimburg- 2012-Comparing
ion conductance recordings of synthetic lipid bilayers with cell membranes containing TRP
channels- Biochimica et Biophysica Acta- 1818:  1123-1134.
Lautrup B., R. Appali, A.D. Jackson, T. Heimburg- 2011-The stability of solitons in
biomembranes and nerves- European Physical Journal E  34:  57, 9 pgs, doi: 
10.1140/epje/12011-11057-0.
Layne S.P- 1984-A possible mechanism for general anesthesia:  Solitons in Biology- Los Alamos
Science (Spring)  23-26, library.lanl.gov/cgi-bin/getfile?10-01.pdf.
27
Meissner:  Proposed tests of the soliton wave model of action potentials.
Lee I-H., S. Saha, A. Polley, H. Huang, S. Mayor, M. Rao, J.T. Groves- 2015-Live cell plasma
membranes do not exhibit a miscibility phase transition over a wide range of temperatures-
Journal of Physical Chemistry B  119:  (#12)  4450-4459.
Lenné T., G. Bryant, R. Holcomb, K.L. Koster- 2007-How much solute is needed to inhibit the
fluid to gel membrane phase transition at low hydration?- Biochimica et Biophysica Acta  1768: 
1019-1022.
Leslie M- 2011-Do lipid rafts exist?- Science  334:  (#6059, 11/25)  1046-1047.
Lin C., F-W. Kuo, S. Chavanich, V. Viyakarn- 2014-Membrane lipid phase transition behavior
of oocytes from three Gorgonian corals in relation to chilling injury- PLoS ONE  9:  (#3) 
e92812, doi:  10.1037/journal/pone.0092812.
Lingwood D., K. Simons- 2010-Lipid rafts as a membrane- organizing principle- Science  327: 
(#5961, 1/1)  46-50.
Liu J., H. Tu, D. Zhang, H. Zheng, Y-L. Li- 2012-Voltage-gated sodium channel expression and
action potential generation in differentiated NG108-15 cells- BioMed Central Neuroscience  13: 
129, http://www.biomedcentral.com/1471-2202/13/129.
Lockshon D., C.P. Olsen, C.L. Brett, A. Chertov, A.J. Merz, D.A. Lorenz, M.R. Van Gilst, B.K.
Kennedy- 2012-Rho signaling participates in membrane fluidity homeostasis- PLoS ONE  7: 
(#10)  e45049, 10 pgs., doi:  10.1371/journal.pone.0045049.
Lomdahl P.S- 1984-What is a soliton?  Solitons in Biology.  Los Alamos Science (Spring).  27-
31, library.lanl.gov/cgi-bin/getfile?10-01.pdf.
Lomdahl P.S., S.P. Layne, I.J. Biglo- 1984-Solitons in biology- Los Alamos Science  (Spring)  1-
22, library.lanl.gov/cgi-bin/getfile?10-01.pdf.
Lu S.M., G.D. Fairn- 2018-Mesoscale organization of domains in the plasma membrane - beyond
the lipid raft- Critical Reviews in Biochemistry and Molecular Biology, 16 pgs., doi: 
10.1080/10409238.2018.1436515
Mabrey S., G. Powis, J.B. Schenkman, T.R. Tritton- 1977-Calorimetric study of microsomal
membrane- Journal of Biological Chemistry  252:  (#9)  2929-2933.
Margineanu D-G., E. Schoffeniels- 1977-Molecular events and energy changes during the action
potential- PNAS USA 74:  (#9)  3810-3813.
28
Meissner:  Proposed tests of the soliton wave model of action potentials.
Maulucci G., E. Cordelli, A. Rizzi, F. De. Leva, M. Papi, G. Ciasca, D. Samengo, G. Pani, D.
Pitocco, P. Soda, G. Ghirlanda, G. Iannello, M. De Spirito- 2017-Phase separation of the plasma
membrane in human red blood cells as a potential tool for diagnosis and progression monitoring
of type 1 diabetes mellitus- PLoS ONE  12:  (#9) e0184109, doi:  10.1371/journal.pone.0184109.
Meerschaert R.L., C.V. Kelly- 2015-Trace membrane additives affect lipid phases with distinct
mechanisms:  a modified Ising model- European Biophysical Journal  44:  227-233, doi: 
10/1007/s00249-015-1017-x.
Meissner S.T- 1998-Electroporation of the vacuole-attached patch-clamp configuration allows
access to the tonoplast resistance and estimation of its specific conductance- Plant Science  133: 
(#1)  91-103.
Melchior D.L- 1982-Lipid phase transitions and regulation of membrane fluidity in prokaryotes-
Current Topics in Membranes and Transport  17:  263-316, doi:  10.1016/S0070-2161(08)60314-
7.
Menon A.K- 2018-Sterol gradients in cells- Current Opinion in Cell Biology  53:  37-43.
Meunier C., I. Segev- 2002-Playing the Devil's advocate:  is the Hodgkin-Huxley model useful?-
Trends in Neuroscience  25:   (#11)  558-563.
Mishima K., K. Satoh, K. Suzuki- 1996-Optical birefringence of multilamellar gel phase of
cholesterol/phosphatidylcholine mixtures- Colloids and Surfaces B - Biointerfaces  7:  83-89.
Moein-Vaziri N., I. Phillips, S. Smith, C. Almiòana, C. Maside, M.A. Gil, J. Roca, E.A.
Martinez, W.V. Holt, A.G. Pockley, A. Fazeli- 2014-Heat-shock protein A8 restores sperm
membrane integrity by increasing plasma membrane fluidity- Reproduction 147:  719-732.
Moellering E.R., B. Muthan, C. Benning- 2010-Freezing tolerance in plants requires lipid
remodeling at the outer chloroplast membrane- Science  330:  (#6001, 10/8)  226-228.
Moradi M., E. Tajkhorshid- 2013-Mechanistic picture for conformational transition of a
membrane transporter at atomic resolution- PNAS USA  110:  (#47, 11/19)  18916-18921.
Morein S., A-S. Andersson, L. Rilfers, G. Lindblom- 1996-Wild-type Escherichia coli cells
regulate the membrane lipid composition in a "window" between gel and non-lamellar structures-
Journal of Biological Chemistry  271:  (#12, 3/12)  6801-6809.
Mosbacher J., M. Langer, J.K.H. Hörber, F. Sachs- 1998-Voltage-dependent membrane
displacements measured by atomic force microscopy- Journal of General Physiology  111:  (Jan.) 
65-74, doi:  10.1085/jpg.111.1.65.
29
Meissner:  Proposed tests of the soliton wave model of action potentials.
Mosgaard L.D., A.D. Jackson, T. Heimburg- 2013a-Fluctuations of systems in finite heat
reservoirs with applications to phase transitions in lipid membranes- Journal of Chemical Physics 
139:  125101, 8 pgs.  doi: 10.1063/1.4821837.
Mosgaard L.D., T. Heimburg- 2013b-Lipid ion channels and the role of proteins- Accounts of
Chemical Research  46:  (#12)  2966-2976.
Mosgaard L.D., K.A. Zecchi, T. Heimburg, R. Budvytyte- 2015-The effect of the nonlinearity of
the response of lipid membranes to voltage perturbations on the interpretation of their electrical
properties.  A new theoretical description- Membranes  5:  495-512, doi: 
10.3390/membranes5040495.
Movshon J.A., W.T. Newsome- 1996-Visual response properties of striate cortical neurons
projecting to area MT in macaque monkeys- Journal of Neuroscience  16:  (#23)  7733-7741.
Müller A., M. Wenzel, H. Strahl, F. Grein, T.N.V. Saaki, B. Kohl, T. Siersma, J.E. Bandow, H-
G. Sahl, T. Schneider, L.W. Hamoen- 2016-Daptomycin inhibits cell envelope synthesis by
interfering with fluid membrane microdomains- PNAS USA  E7077-E7086,
www.pnas.org/cgi/doi/10.1073/pnas.1611173113.
Murata N., D.C. Fork- 1975-Temperature dependence of chlorophyll a fluorescence in relation to
the physical phase of membrane lipids in algae and higher plants- Plant Physiology  56:  791-796.
Nag K., J. Perez-Gil, M.L.F. Ruano, L.A.D. Worthman, J. Stewart, C. Casals, K.M.W. Keough-
1998-Phase transitions in films of lung surfactant at the air-water interface- Biophysical Journal 
74:  (June)  2983-2995.
Nagle J.F., H.L. Scott jr- 1978-Lateral compressibility of lipid mono- and bilayers.  Theory of
membrane permeability- Biochimica et Biophysica Acta  513:  236-243.
Oldenhof H., K. Friedel, H. Sieme, B. Glasmacher, W.F. Wolkers- 2010-Membrane permeability
parameters for freezing of stallion sperm as determined by Fourier transform infrared
spectroscopy- Cryobiology  61:  115-122.
Ono T-A., N. Murata- 1982-Chilling-susceptibility of the blue-green alga Anacystis nidulans-
Plant Physiology  69:  125-129.
Overath P., H.U. Schairer, W. Stoffel- 1970-Correlation of in vivo and in vitro phase transitions
of membrane lipids in Escherichia coli- PNAS USA  67:  (#2, Oct)  606-612.
Pagano R.E., R.J. Cherry, D. Chapman- 1973-Phase transitions and heterogeneity in lipid
bilayers- Science  181:  (#4099, 8/10)  557-559, doi:  10.1126/science.181.4099.557.
30
Meissner:  Proposed tests of the soliton wave model of action potentials.
Palleschi S., L. Silvestroni- 1996-Laurdan florescence spectroscopy reveals a single liquid-
crystalline lipid phase and lack of thermotropic phase transitions in the plasma membrane of
living human sperm- Biochimica et Biophysica Acta  1279:  197-202.
Pantic-Tanner Z., D. Eden- 1999-Calculation of protein form birefringence using the finite
element method- Biophysical Journal  76:  (June) 2943-2950.
Papahadjopoulos D., K. Jacobson, S. Nir, T. Isac- 1973-Phase transitions in phospholipid
vesicles:  Fluorescence polarization and permeability measurements concerning the effect of
temperature and cholesterol- Biochimica et Biophysica Acta 311:  330-348.
Pasternak C.A., G.M. Alder, C.L. Bashford, Y.E. Korchev, C. Pederzolli, T.K. Rostovtseva-
1992-Membrane damage:  Common mechanisms of induction and prevention- FEMS
Microbiology Immunology  105:  83-92.
Pau V., Y. Zhou, Y. Ramu, Y. Xu, Z. Lu- 2017-Crystal structure of an inactivated mutant
mammalian voltage-gated K  channel- Nature Structural Molecular Biology  24:  (#10)  857-865,+
doi:  10.1038/nsmb.3457.
Penzotti J.L., H.A. Fozzard, G.M. Lipkind, S.C. Dudley jr- 1998-Differences in saxitoxin and
tetrodotoxin binding revealed by mutagenesis of the Na  channel outer vestibule- Biophysical+
Journal  75:  (Dec.)  2647-2657.
Petrov A.G- 2006-Electricity and mechanics of biomembrane systems:  Flexoelectricity in living
membranes- Analytica Chimica Acta  568:  (#1-2)  70-83, doi:  10.1016/j.aca.2006.01.108.
Pike C.S., J.A. Berry- 1980-Membrane phospholipid phase separations in plants adapted to or
acclimated to different thermal regimes- Plant Physiology  66:  238-241.
Pissadaki E.K., J.P. Bolam- 2013-The energy cost of action potential propagation in dopamine
neurons:  clues to susceptibility in Parkinson's disease- Frontiers in Computational Neuroscience 
7:  (3/13)  article 13, 17 pgs.  doi:  10.3389/fncom.2013.00013.
Powl A.M., A.J. Miles, B.A. Wallace- 2012-Transmembrane and extramembrane contributions
to membrane protein thermal stability:  Studies with the NaChBac sodium channel- Biochimica
et Biophysica Acta  1818:  889-895.
Quinn P.J- 1981-The fluidity of cell membranes and its regulation- Progress in Biophysical and
Molecular Biology  38:  1-104.
31
Meissner:  Proposed tests of the soliton wave model of action potentials.
Ragoonanan V., J. Malsam, D.R. Bond, A. Aksan- 2008-Roles of membrane structure and phase
transition on the hyperosmotic stress survival of Geobacter sulfurreducens- Biochimica et
Biophysica Acta  1778:  2283-2290.
Rao M., S. Mayor- 2014-Active organization of membrane constituents in living cells- Current
Opinion in Cell Biology  29:  126-132.
Reddy S.T., S. Shrivastava, K. Mallesham, A. Chattopadhyay- 2016-Cholesterol-dependent
thermotropic behavior and organization of neuronal membranes- Biochimica et Biophysica Acta 
1858:  2611-2616, doi:  10.1016/bbamem.2016.07.007.
Ros U., A.J. García-Sáez- 2015-More than a pore:  The interplay of pore-forming proteins and
lipid membranes- Journal of Membrane Biology  248:  545-561, doi:  10.1007/s00232-015-9820-
y.
Saini K., U. Ahluwalia, S. Deep- 2010-Determination of heat capacity of unfolding for
marginally stable proteins from a single temperature induced protein unfolding profile-
Thermochimica Acta  506:  28-33.
Sanders M.R., H.E. Findlay, P.J. Booth- 2018-Lipid bilayer composition modulates the unfolding
free energy of a knotted á-helical membrane protein- PNAS USA  E1799-E1808,
www.pnas.org/cgi/doi/10.1073/pnas.1714668115.
Saxena R., S. Shrivastava, A. Chattopadhyay- 2015-Cholesterol-induced changes in hippocampal
membranes utilizing a phase-sensitive fluorescence probe- Biochimica et Biophysica Acta  1848: 
1699-1705.
Scott R.Q., P. Roschger, B. Devaraj, H. Inaba- 1991-Monitoring a mammalian nuclear membrane
phase transition by intrinsic ultraweak light emission- Federation of European Biochemical
Societies Letters  285:  (#1, July)  97-98.
Seeger H.M., L. Aldrovandi, A. Alessandrini, P. Facci- 2010-Changes in single K  channel+
behavior induced by a lipid phase transition- Biophysical Journal  99:  (Dec.)  3675-3683.
Senaratna T., B.D. McKersie, R.H. Stinson- 1984-Association between membrane phase
properties and dehydration injury in soybean axes- Plant Physiology  76:  759-762.
Sevcsik E., M. Brameshuber, M. Fölser, J. Weghuber, A. Honigmann, G.J. Schütz- 2015-GPI-
anchored proteins do not reside in ordered domains in the live cell plasma membrane- Nature
Communications  6:  6969, 10 pgs, doi:  10.1038/ncomms7969.
32
Meissner:  Proposed tests of the soliton wave model of action potentials.
Shen H., Q. Zhou, X. Pan, Z. Li, J. Wu, N. Yan- 2017a-Structure of a eukaryotic voltage-gated
sodium channel at near-atomic resolution- Science  355:  (#6328, 3/3) 924, and online at
http://dx.doi.org/10.1126/science.aal4326.
Shen Y., Z. Zhao, L. Zhang, L. Shi, S. Shahriar, R.B. Chan, G. Di Paolo, W. Min- 2017b-
Metabolic activity induces membrane phase separation in endoplasmic reticulum- PNAS USA 
114:  (#51, 12/19)  13394-13399.
Silvius J.R., R.N. McElhaney- 1980-Membrane lipid physical state and modulation of the
Na ,Mg -ATPase activity in Acholeplasma laidlawii B- PNAS USA  77:  (#3, March)  1255-+ 2+
1259.
Sonnino S., M. Aureli, L. Mauri, M.G. Ciampa, A. Prinetti- 2015-Membrane lipid domains in the
nervous system- Frontiers in Bioscience  20:  (1/1)  280-302.
Sorota S- 1992-Swelling-induced chloride-sensitive current in canine atrial cells revealed by
whole-cell patch-clamp method- Circulation Research  70:  (#4, April)  679-687, doi: 
10.1161/01.RES.70.4.679.
Stevens C.F- 1978-Interactions between intrinsic membrane protein and electric field:  An
approach to studying nerve excitability- Biophysical Journal  22:  295-306.
Stevenson P., A. Tokmakoff- 2017-Time-resolved measurements of an ion channel
conformational change driven by a membrane phase transition- PNAS USA  114:  (#41)  10840-
10845.
Sun T., F-H. Lin, R.L. Campbell, J.S. Allingham, P.L. Davies- 2014-An antifreeze protein folds
with an interior network of more than 400 semi-clathrate waters- Science  343:  (#6172, 2/14) 
795-798.
Sun W.Q- 1999-State and phase transition behaviors of Quercus rubra seed axes and
cotyledonary tissues:  Relevance to the dessication sensitivity and cryopreservation of recalcitrant
seeds- Cryobiology  38:  372-385.
Tasaki I- 1999a-Rapid structural changes in nerve fibers and cells associated with their excitation
processes- Japanese Journal of Physiology  49:  125-138.
Tasaki I- 1999b-Evidence for phase transition in nerve fibers, cells and synapses- Ferroelectrics 
220:  305-316.
Tasaki I., A. Watanabe, R. Sandlin, L. Carnay- 1968-Changes in fluorescence, turbidity, and
birefringence associated with nerve excitation- PNAS USA  61:  883-888.
33
Meissner:  Proposed tests of the soliton wave model of action potentials.
Tournois H., B. deKruijff- 1991-Polymorphic phospholipid phase transitions as tools to
understand peptide-lipid interactions- Chemistry and Physics of Lipids  57:  327-340.
Toyama S., A. Nakamura, F. Toda- 1991- Measurement of voltage dependence of capacitance of
planar bilayer lipid membrane with a patch clamp amplifier- Biophysical Journal 59:  (Apr.) 939-
944.
Vargas E.V., A. Ludu, R. Hustert, P. Gumrich, A.D. Jackson, T. Heimburg- 2011-Periodic
solutions and refractory periods in the soliton theory for nerves and the locust femoral nerve-
Biophysical Chemistry  153:  159-167.
Velikonja A., P. Kramar, D. Miklavèiè, A.M. Lebar- 2016-Specific electrical capacitance and
voltage breakdown as a function of temperature for different planar lipid bilayers-
Bioelectrochemistry  112:  132-137.
Verkley A.J., P.H.J.Th. Ververgaert, R.A. Prins, L.M.G. van Golde- 1975-Lipid-phase transitions
of the strictly anaerobic bacteria Veillonella parvula and Anaerovibrio lipolytica- Journal of
Bacteriology  124:  (#3, Dec.)  1522-1528.
Wang T., A. Gonzalez-Perez, R. Budvytyte, A.D. Jackson, T. Heimburg- 2017-Reply to
"Comment on 'Penetration of action potentials during collision in the median and lateral giant
axons of invertebrates'"- Physical Review X  7:  028002, 3 pgs, doi: 
10.1103/PhysRevX.7.028002.
Wegner L.H- 2013-Cation selectivity of the plasma membrane of tobacco protoplasts in the
electroporated state- Biochimica et Biophysica Acta  1828:  1973-1981.
Weinberger P- 2008-John Kerr and his effects found in 1877 and 1878- Philosophical Magazine
Letters, iFirst, pgs. 1-11, Taylor & Francis Group publishers, doi:  10.1080/09500830802526604.
Whicher J.R., R. MacKinnon- 2016-Structure of the voltage-gated K  channel Eag1 reveals an+
alternative voltage sensing mechanism- Science  353:  (#6300, 8/12)  664-669.
White S.H- 1970-Thickness changes in lipid bilayer membranes- Biochimica et Biophysica Acta
196: 354-357.
Wodzinska K., A. Blicher, T. Heimburg- 2009-The thermodynamics of lipid ion channel
formation in the absence and presence of anesthetics.  BLM experiments and simulations-
Physics ArXiv, (Feb. 16) 0902.2271v2, 11 pgs, physics.bio-ph.  
Wu S.H.W., H.M. McConnell 1973-Lateral phase separations and perpendicular transport in
membranes- Biochemical Biophysical Research Communications 55:  (#2) 484-491.
34
Meissner:  Proposed tests of the soliton wave model of action potentials.
Wu Y., G.L. Fletcher- 2000-Efficacy of antifreeze protein types in protecting liposome
membrane integrity depends on phospholipid class- Biochimica et Biophysica Acta  1524:  11-
16.
Wunderlich B., C. Leirer, A-L. Idzko, U.F. Keyser, A. Wixforth, V.M. Myles, T. Heimburg, M.F.
Schneider- 2009-Phase-state dependent current fluctuations in pure lipid membranes-
Biophysical Journal  96:  (June) 4592-4597.
Yeomans J- 1995-Electrically evoked behaviors:  axons and synapses mapped with collision
tests- Behavioural Brain Research  67:  121-132.
Yi G-S., J. Wang, H-Y. Li, X-L. Wei, B. Deng- 2016-Metabolic energy of action potentials
modulated by spike frequency adaptation- Frontiers in Neuroscience  10:  (Nov.) article 534, 19
pgs., doi: 10.3389/fnins.2016.00534.
Yu L., F. Reynaud, J. Falk, A. Spencer, Y-D. Ding, V. Baumlé, R. Lu, V. Castellani, C. Yuan,
B.B. Rudkin- 2015-Highly efficient method for gene delivery into mouse dorsal root ganglia
neurons- Frontiers in Molecular Neuroscience  8:  (Article 2, Feb.)  9 pgs, doi: 
10.3389/fnmol.2015.00002.
Zakim D., D.A. Vessey- 1975-The effect of temperature-induced phase change within membrane
lipids on the regulatory properties of microsomal uridine diphosphate glucuronyltransferase-
Journal of Biological Chemistry  250:  (#1, 1/10)  342-343.
Zhang P-C., A.M. Keleshian, F. Sachs- 2001-Voltage-induced membrane movement- Nature 
413:  (9/27)  428-432.
35
Meissner:  Proposed tests of the soliton wave model of action potentials.
Appendix:
Table A1.  Quotations (and citing of sources) from studies examining phase transitions in living
cells, and their effects. A.)  Phase transition effects on individual protein activities.  B.)  Phase
transitions found to induce stress on cells, including leakage of small items.  C.)  The fluid
[liquid-crystalline] state is said to be needed for cell viability.  D.)  Phase transitions said to not
normally occur in certain biomembranes.  E.)  Phase transitions found to be associated with some
disease or illness states.
A.) Phase transitions effects on individual protein activities:
"Experiments carried out on membranes from 1:1 (wt/wt)
mixture of dipalmitoylglycerol and distearoylglycerol in n–
decane led to the interpretation that ion carriers become frozen
and thus immobile within the membrane phase (6)."
Boheim et al.
[1980], pg. 3403
"In our situation the carrier-mediated ion transport is blocked
ccompletely below 26-27 C, which matches closely the phase tB
of the pure lipid.  Most probably the valinomycin molecules
have been frozen out."
Boheim et al.
[1980], pg. 3406
"... in general it is accepted that the physical state of the lipid is
critical for the activity of many integral membrane enzymes... 
55C -isoprenoid alcohol phosphokinase (232) and Ca -ATPase2+
from sarcoplasmic reticulum (162) have been shown to require
a fluid bilayer to function....  Membrane viscosity is of such
importance that organisms, from mammals down to bacteria,
have mechanisms for altering the membrane lipid content to
maintain a fluid membrane when growth conditions (i.e.
temperature) are changed (4, 233)." 
Gennis et al.
[1977], pg. 216
"The temperature studies suggest that the ATPase must be in a
'fluid-like' environment to function."  
Grisham et al.
[1973], pg. 2635
"... further supporting the suggestion that the membrane lipids
must be fluid for the ATPase to function." 
Grisham et al.
[1973], pg. 2635
"The transition from liquid crystalline to gel phase, which
results in a marked change in the physical properties of lipid
bilayer;  also strongly affects the activities of membrane
proteins.  Membrane proteins, for example, the Ca -ATPase,2+
show low activity in gel phase bilayers, due to the effect of gel
phase on protein conformation ." 55
Koynova et al.
[2013], pg. 6
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"At temperatures near 0 C the lipid area of the membrane in
the solid state are probably large and this may influence the
binding between the phycobilisomes and the thylakoid
membranes.  In relation to this it is interesting to note that
Anacystis is an organism that is especially chilling sensitive. 
When the cells are stored at 4 C for 1 hr, they lose the
activities of photosynthesis and the Hill reaction (6)." 
Murata et al.
[1975], pg. 796
"Our results indicate that the enzyme is active only in
association with liquid-crystalline lipids, exhibiting a
psignificant heat capacity of activation, ÄC , for the ATP‡
hydrolytic reaction in this case." 
Silvius et al.
[1980], pg. 1255
"The apparent inactivation of the ATPase when its boundary
lipids enter a low-temperature, presumably gel-like, state
suggests that the overall enzyme-catalyzed reaction involves at
least one step that requires a transient displacement or
deformation of the lipid molecules around the enzyme,
because such as step would be hindered by the more rigid gel-
state lipids." 
Silvius et al.
[1980], pg. 1258
"The regulatory properties of the form of UDP-
glucuronyltransferase produced by interaction with a rigid lipid
environment (the structure of the lipid phase below 16 )B
preclude its efficient function as a detoxification system in
vivo." 
Zakim et al.
[1975], pg. 343
"Thus, the function of this membrane-bound enzyme depends
in a critical manner on the careful regulation of the bulk phase
properties of its lipid environment." 
Zakim et al.
[1975], pg. 343
B.) Phase transitions induce stress on cells, including leakage of small items:
"Chilling susceptibility has been shown to be correlated with
the membrane's saturated-to-unsaturated fatty-acid ratio (Arav
et al., 2000) and to be associated with the lipid-phase
transition (LPT), as described for both sperm (Drobins et al.,
1993) and oocytes (Arav et al., 1996)...  [this]...  lipid-phase
separation...  ...interferes with membrane function and leads to
ion leakage and cell death." 
Amir et al. [2008],
pg. 150
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"The reorganization of lipids and changes in its residual
membrane conformational disorder due to phase transitions
from liquid crystalline to gel phase [4,11,12] or from liquid
crystalline to hexagonal phase [3] under different thermal and
hydration conditions have been implicated in injury.  The
consequences of these phase changes are thought to include
increased membrane permeability and lateral phase separation
of membrane components." 
Balasubramanian
et al. [2009], pg.
945
"It has been established that for lipid bilayers in liposomal
systems, maximal leakage of intra-liposomal contents
coincides closely with the phase transition temperature [34]. 
Hence, it is possible that freezing induced dehydration damage
occurs as a result of leakage of cytoplasmic compounds during
the phase transition, either during cooling or thawing."  
Balasubramanian
et al. [2009], pg.
950
"Chilling injury occurs when the cell membrane undergoes a
transition from the liquid state to the gel state." 
Ghetler et al.
[2005], pg. 3385
"This enhancement [higher leakage of amino acids] is
interpreted as evidence for membrane transitions in the
plasmalemmas.  The transitions are also considered to be main
factors limiting the most effective temperature range for seed
germination." 
Hendricks et al.
[1976], pg. 8
"It has been proposed that lipid phase transition (LPT) may
have important implications for susceptibility to chilling
injury, as LPT can affect cell membrane properties, such as
their function and integrity [10,11,12]." 
Lin et al. [2014],
pg. 1
"In addition, lipid phase transitions alter membrane structure
and lateral organization [5,19].  Freezing results in both
temperature-dependent (thermotropic) and dehydration-
induced (lyotropic) membrane phase changes, which are
thought to result in lateral phase separation of membrane
components and increased membrane permeability for solutes
[8,18,20,25]." 
Oldenhof et al.
[2010], pg. 115
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"The freezing-induced lyotropic membrane phase transition is
different from the thermotropic phase transitions that occur
upon cooling and re-warming of cells at suprazero
temperatures [8,20].  Both, however, can result in lipid phase
separation and rearrangements, which can be detrimental for
cells." 
Oldenhof et al.
[2010], pg. 121
"The results of this and previous studies suggest that the chill
susceptibility of A. nidulans is a result of irreversible leakage
of ions from the cytoplasm when the lipids of cytoplasmic
membrane are in the phase-separation state at low
temperatures."
Ono et al. [1982],
pg. 125
"The experimental result suggests that the phase-separation
state of lipids of the cytoplasmic membrane induces the
chilling susceptibility of this alga."
Ono et al. [1982],
pg. 125
"... we conclude that the chilling susceptibility of A. nidulans
occurs in a mechanism as follows.  First, the primary response
which occurs at chilling temperatures is the formation of gel-
phase domain in the cytoplasmic membrane, and, in the phase-
separation state, the membrane becomes passively permeable
to small molecules.  Second, the ions and solutes having low
mol wt leak from the cytoplasm to the outer medium.  Finally,
decreases in the concentrations of the ions and solutes in the
cytoplasm inactivate the physiological activities of the algal
cells.  It should be noticed here that the ions and solutes are
irreversibly lost from the cells, even if the cytoplasmic
membrane regains the state of liquid crystal when the once-
chilled cells are rewarmed.  This should be the reason why the
chilling-induced injury of A. nidulans is an irreversible process
(11, 12)." 
Ono et al. [1982],
pg. 128
"Thus, gel phase lipid was detected only in those axes which
have been previously shown to have reduced viability and
increased solute efflux during rehydration (22, 23)."  
Senaratna et al.
[1984], pg. 761
"The formation of gel phase lipid, which is an indication of a
lateral phase separation of phospholipids within the plane of
the membrane, would thus be expected to contribute to the loss
of viability of the axes after dehydration." 
Senaratna et al.
[1984], pgs. 761-
762
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"Other mechanisms must be involved in causing massive
cellular damage in red oak seed tissues during
cryopreservation.  One such mechanism might be membrane
phase transition due to freezing or freeze-induced dehydration. 
Unlike dessication-tolerant seeds, recalcitrant red oak seed
were unable to retain a liquid-crystalline phase upon drying
and severe dehydration resulted in membrane phase transition
(34)." 
Sun [1999], pgs.
383-384
C.) The fluid [liquid-crystalline] state is needed for cell viability:
[Notes that keeping the membrane in a liquid crystalline state
is] "... vital for each living cell." 
Chugunov et al.
[2014], pg. 1
"... analyses confirm that hydrophobic tail branching
modifications render membranes more liquid and less rigid,
which is a requirement for the membrane's biological
function."
Chugunov et al.
[2014], pg. 5
"In line with previous reports (31,34,41,54,62,66,83), the Lo-
like phase was clearly dominant in live cells, whereas Chol
depletion or apoptosis was found to increase the Ld-like
phase." 
Kilin et al. [2015],
pg. 2529
"The dominant factor accounting for acquired protection to
low temperature damage relates to the membrane lipid
composition...  Since increased chain unsaturation strongly
reduces the gel-liquid-crystalline phase transition temperature
of lipids , the increase in the content of unsaturated fatty acids13
serves as an adaptation mechanism allowing to maintain the
membrane in its physiological liquid-crystalline state also at
much lower temperatures."
Koynova et al.
[2013], pg. 6
"Preservation of both the integrity and fluidity of biological
membranes is a critical homoeostatic function." 
Lockshon et al.
[2012], pg. 1
"This work provides the first evidence for the existence of a
signaling pathway that enables eukaryotic cells to control
membrane fluidity, a requirement for division, differentiation
and environmental adaptation." 
Lockshon et al.
[2012], pg. 1
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"Core components of this sole yeast Rho1/Pkc1/MAPK
cascade thus appear to participate in two signaling pathways,
one which monitors the integrity of the cell wall and the other
which enables membranes to maintain proper fluidity."  
Lockshon et al.
[2012], pg. 7
"Fluidity is a characteristic feature of membranes.  Cellular
viability and function is dependent on maintenance of cell
membrane fluidity within physiological ranges (Hovath et al.
1998, 2008)." 
Moein-Vaziri et
al. [2014], pg. 729
"In one of the commonly employed models for membrane lipid
regulation it is asserted that such a regulation is the reason why
numerous organisms change the proportion between saturated
and unsaturated acyl chains in relation to the surrounding
temperature (Hazel and Williams, 1990; McElhaney, 1984).
However, it should be recognized that a lipid bilayer being
completely in a liquid crystalline state surely has the best
prerequisites for maintaining the integrity and the permeability
barrier of the membrane and to support full activity of
membrane-associated enzymes and transport proteins. It has
consistently been shown that living cells prefer to grow with
their membrane lipids exclusively, or nearly exclusively, in the
liquid crystalline state (McElhaney, 1984). Therefore, one aim
with the adjustment of the membrane lipid composition may
be to avoid the occurrence of gel state lipids in the membrane
or at least to reduce the fraction of gel state lipids as much as
possible." 
Morein et al.
[1996], pg. 6807
"E. coli cells subjected to a significant decrease in the growth
temperature therefore have to incorporate a larger fraction of
unsaturated acyl chains into its membrane lipids in order to
avoid the deleterious effects of having a mixture of lipids in
the gel and liquid crystalline states." 
Morein et al.
[1996], pg. 6808
"It is concluded that a liquid-like state of the lipid phase is
required for proper membrane function."
Overath et al.
[1970], pg. 606
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D.) Phase transitions do not normally occur in certain biomembranes.  
"The presence of cholesterol at sufficient relative
concentration has the effect of removing these phase
transitions (6, 7).  Those biomembranes which contain large
amounts of cholesterol, e.g. myelin membranes and also their
total lipid extract, do not show these marked endothermic
transitions except after some dehydration (8)."
Chapman et al.
[1974], pg. 2512
"Gramicidin A is an ionophore...  With this molecule, the
pretransitional peak is affected at low polypeptide
concentrations, suggesting that the packing of the lecithin
polar groups has been affected, but in addition to this the heat
involved in the main lipid endothermic transition is markedly
reduced in a somewhat similar manner to that observed with
cholesterol.  It seems reasonable to conclude, therefore, that as
with cholesterol the molecule is interdigitated among the lipid
chains preventing chain crystallization from occurring."  
Chapman et al.
[1974], pg. 2520
"With mitochondrial membrane the fact (10) that the transition
appears to be complete before 37  suggests that at bodyB
temperature the lipids of this membrane are completely fluid."  
Chapman et al.
[1974], pg. 2520
"One of the hallmarks of archaeal membrane is the lack of
distinct phase transitions and the relatively weak dependence
of the membrane's properties on temperature." 
Chugunov et al.
[2014], pg. 4
"Nevertheless, we are confident that it [phase transition]
commences during chilling at about 22 C, just below theB
minimal storage temperature used by blood banks." 
Crowe et al.
[1999], pg. 181
"There is an abundance of evidence that most animal cells
contain a large fraction of their membrane lipids as unsaturated
phospholipids, with the unsaturated acyl chain in the sn-2
position.  Such phospholipids are usually thought of as having
low phase transitions, often much below 0 C." B
Crowe et al.
[1999], pg. 184
"... the FLIM images of intact and Chol-depleted cells labeled
with F2N12S showed a remarkable homogeneity in their
pseudo-color distribution (Fig. 7A), indicating that no clear
phase separation could be perceived." 
Kilin et al. [2015],
pg. 2526
"We find no evidence of a discrete miscibility phase transition
throughout a wide range of temperatures:  14 - 37 C." B
Lee et al. [2015]
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"Taken together, these data suggest that live cell membrane
may avoid the miscibility phase transition inherent to its lipid
constituents by actively regulating physical parameters, such as
tension, in the membrane." 
Lee et al. [2015]
"Suggesting the cell membrane may be maintained in a
different region of the phase diagram and may even actively
avoid a temperature-driven miscibility phase transition." 
Lee et al. [2015]
"Despite the fact that lipid mixtures directly extracted from
cells exhibit miscibility phase transitions around room
temperature,  no such transition is observed in the live cell."  7-8
Lee et al. [2015]
"There is no evidence for a reversible lipid phase transition at
any temperature above 0 , indicating that the microsomalB
membrane is in the fluid state under these conditions."  
Mabrey et al.
[1977], pg. 2929
"There is no evidence for a reversible lipid phase transition at
any temperature above 0  in the microsomes or extractedB
lipids....  Because we cannot detect a reversible lipid phase
transition in the microsomal preparations we conclude that the
membrane is in the fluid state under the conditions studied."  
Mabrey et al.
[1977], pg. 2930
"Sterols ensure that the fluidity of the PM and its barrier
function are preserved across a range of environmental
conditions [3,9].  They accomplish this by condensing
phospholipids with unsaturated acyl chains, and preventing
saturated lipids from forming a gel phase." 
Menon [2018], pg.
37
"The absence of phase transitions in the same thermal range
argues against the hypothesis that the lipid domains previously
detected on the sperm surface are produced by lateral phase
separation." 
Palleschi et al.
[1996], pg. 197
"The linearity of the temperature dependence of exGP values
(Fig. 4) indicates that no phase transitions have occurred
within the thermal gradient applied."  
Palleschi et al.
[1996], pg. 200
"... very recent data show that at cholesterol concentrations >
15 mol% coexistence of lipid phase domains cannot be
detected in preparations made of mixed phospholipids [28]."  
Palleschi et al.
[1996], pg. 201
43
Meissner:  Proposed tests of the soliton wave model of action potentials.
"Winter active ephemerals appear genetically programmed to
synthesize a mixture of phospholipids which will not phase
separate in the usual growth conditions." 
Pike et al. [1980],
pg. 238
"... it is postulated that it may only be necessary that the phase
separation temperature of the lipids be as low or lower than the
normal minimum temperatures during the plant's growing
season." 
Pike et al. [1980],
pg. 240
"It appears that plants normally growing in a certain
environment synthesize a mixture of phospholipids which will
not phase separate in the usual thermal regime." 
Pike et al. [1980],
pg. 241
"Even in the case of poikilothermic organisms there is as yet
no convincing evidence that lateral phase separations serve any
useful physiological purpose."
Quinn [1981], pg.
43
"In artificial membranes the lo phase is insoluble in non-ionic
detergents at low temperatures, suggesting that the 'rafts' are
detergent resistant.  This has spawned an enormous but
misguided literature on this subject [21,22], bringing into
question the whole premise of the role of phase segregation in
cell membranes [23]." 
Rao et al. [2014],
pg. 128
"A major criticism of these 'close-to-criticality' models that at
physiological temperatures, the cell membrane is well above
the lo-ld phase boundary, and thus suggestions that coupling to
cortical actin suppresses phase segregation, simply do not
work." 
Rao et al. [2014],
pg. 129
"Overall, it seems that the outer leaflet of the plasma
membrane is in a uniform lipid phase state, and does not show
Lo/Ld phase coexistence."
Sevcsik et al.
[2015], pg. 6
"The biological significance of temperature-induced lipid
phase transitions in microsomes may be questioned since the
body temperature of warm-blooded animals is well above
those which produce phase transitions in the membrane
lipids." 
Zakim et al.
[1975], pg. 343
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E.) Phase transitions found to be associated with disease or illness states.
"Here, we highlight recent findings showing that age-related
neurodegenerative diseases are linked to aberrant phase
transitions in neurons." 
Alberti et al.
[2016], pg. 959
"It was observed that in T1DM the fluidification was
concomitant with a decrease in AchE and Na+,K+-ATPase
activities [29]."
Maulucci et al.
[2017], pg. 10
"Keeping in mind the pathophysiological role of neuronal
cholesterol, in this work, we used differential scanning
calorimetry (DSC) and small angle X-ray scattering (SAXS) to
explore thermotropic phase behavior and organization
(thickness) of hippocampal membranes under conditions of
varying cholesterol content.  Our results show that the apparent
phase transition temperature of hippocampal membranes
displays characteristic linear dependence on membrane
cholesterol content... Defective cholesterol metabolism in the
brain therefore results in a number of neurological disorders
[14]." 
Reddy et al.
[2016], pg. 2611
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